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Abstract 
Advances in the understanding of the neural plasticity occurring with motor learning 
and hemiparetic stroke have contributed to the development of motor rehabilitation 
strategies for treating poststroke upper limb hemiparesis. However, a relative 
drawback has been that, in general, these strategies are most compatible with the 
recovery profiles of relatively high-functioning stroke survivors and therefore do not 
easily translate into benefit to those individuals sustaining low-functioning upper 
limb hemiparesis, who otherwise have poorer residual motor function. For these 
individuals, alternative motor rehabilitation strategies are currently needed (Chapter 
1). 
Chapter 2 reviews several upper limb immobilisation (ULI) studies that have been 
conducted with humans and animals. Then, it discusses how their findings could 
inspire the creation of a neural plasticity model that is likely to be of great relevance 
to the contexts of motor rehabilitation after stroke and motor learning. For instance, 
such model could contribute to the development of alternative motor rehabilitation 
strategies for treating poststroke upper limb hemiparesis and to enhancing motor 
learning in humans. Chapter 3 outlines the research questions addressed in this 
Thesis. 
Chapter 4 describes the methods and results of two studies (Studies 1 and 2) which, 
respectively, assessed the test-retest reliability and characterised the learning of a 
computer-based motor task designed to be used in futures studies in combination 
with an immobilisation protocol. Chapter 5 describes the method of transcranial 
magnetic stimulation (TMS), which was used in another study (Study 3) that makes 
up this Thesis. Chapter 6 briefly outlines the outcomes of a pilot study performed to 
optimise the methods for Study 3. In the latter, TMS was used to assess changes in 
motor cortex/corticospinal excitability during a protocol of 9 hours of ULI (Chapter 
7). 
Chapter 8 discusses the results from Studies 1, 2 and 3, and Chapter 9 provides a 
conclusion with the implications of the present findings. Chapter 10 sumarises the 
novelties from this Thesis. 
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Chapter 1 – Introduction 
 
1. Neural Plasticity 
The human brain changes itself in response to different types of experience through 
the reorganisation of its neuronal connections. This phenomenon is known as neural 
plasticity (Kleim, 2012; Pascual-Leone, Amedi, Fregni, & Merabet, 2005). 
According to Kleim (2012), neural plasticity might be defined as “any change in 
neuron structure or function that is observed either directly from measures of 
individual neurons or inferred from measures taken across populations of neurons” 
((Kleim, 2012), p. 13). At the level of individual neurons, structural changes would 
consist, for instance, of dendritic or axonal arborisation, while functional changes 
would involve variations in membrane resistance or neuronal firing rate. On the other 
hand, at the level of populations of neurons, structural changes would be expressed, 
for example, as modifications in the thickness or volume of a brain region, while 
functional changes would involve alterations in the activity of a neuronal circuit or 
brain region (Kleim, 2012). 
The implication is that these levels of description directly influence the 
methods that are used to observe and measure neural plasticity (Kleim, 2012). For 
example, changes in the structure or function of individual neurons are more 
commonly observed in animal preparations and can be measured, for instance, 
through electron microscopy or intracellular recording techniques, respectively. At 
the level of populations of neurons, structural or functional changes are observable 
both in animal models and humans and can be measured by means of magnetic 
resonance imaging (MRI) or functional MRI, respectively. Electroencephalography 
(EEG), intracortical microstimulation (ICMS) and transcranial magnetic stimulation 
(TMS) are also widely employed in studies to investigate functional changes in 
populations of neurons (Kleim, 2012). With regards to TMS, neural plasticity is 
commonly measured through changes in the amplitude of motor evoked potentials 
(MEPs). For example, increases or decreases in the MEPs’ amplitude, which are 
usually induced by a given experimental manipulation, are thought to reflect changes 
in the excitability of the corticospinal system, which, in turn, is often interpreted as 
reflecting neural plasticity (Kleim, Kleim, & Cramer, 2007; Paulus, Peterchev, & 
Ridding, 2013; Rossini et al., 2015; Ziemann, 2017). 
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Neural plasticity manifests itself during brain development (Kolb, 
Mychasiuk, Muhammad, & Gibb, 2013), motor and perceptual skill learning 
(Censor, Sagi, & Cohen, 2012; Dayan & Cohen, 2011), and also during/after central 
nervous system (CNS) diseases/disorders (Cramer et al., 2011). The reorganisation of 
neuronal connections in the brain within these and also other contexts is commonly 
seen as being beneficial to the individual. However, neural plasticity can also be 
detrimental (Elbert & Heim, 2001). When brain changes are associated with 
improvements in the individual’s behavioural capacity, then neural plasticity is 
referred to as being adaptive (Cohen et al., 1997; Elbert, Pantev, Wienbruch, 
Rockstroh, & Taub, 1995; Sterr et al., 1998). On the other hand, when brain changes 
are linked to behavioural deterioration, or adverse consequences to the individual, 
then neural plasticity is referred to as being maladaptive (Flor et al., 1995; Flor, 
Nikolajsen, & Jensen, 2006). 
Thus, it follows from the above that by identifying neural plasticity and its 
behavioural correlates, together with an understanding of its mechanisms and likely 
causal factors, one can conceptualise and develop strategies to enhance adaptive 
and/or suppress maladaptive brain changes in order to improve or maximize the 
individual’s behavioural capacity (Pascual-Leone, 2009). This opportunity for 
intervention is of great relevance to the contexts of CNS diseases/disorders and 
motor learning, where many different patterns of neural plasticity have been 
identified, each of which being associated with either positive or negative 
behavioural outcomes (Cramer et al., 2011; Dayan & Cohen, 2011; Doyon, Albouy, 
Vahdat, & King, 2015). This is particularly true for the case of stroke (Cramer et al., 
2011). 
 
1.2. The Relationship Between Neural Plasticity and Behaviour 
The fundamental premise upon which this Thesis is built is the same as that adopted 
by Kleim (2012). The idea is that behavioural changes, e.g., motor learning or 
functional improvement after brain damage, are driven by neural plasticity – i.e., by 
changes to the structure and/or function of populations of neurons –, and that such 
neural plasticity is driven by neural signals – e.g., changes in synaptic transmission – 
which, in turn, are driven by behavioural signals – e.g., motor training (Kleim, 2012) 
(Figure 1.1). 
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Figure 1.1: The relationship between neural plasticity and behaviour. See text for 
further details (adapted from Kleim (2012)). 
 
Therefore, it follows that although behaviour is the steering wheel to change 
behaviour, understanding the underlying principles and mechanisms of neural 
plasticity, including the underlying neural signals, can contribute to devise strategies 
to optimally exploit neural plasticity and thereby improve/maximize behavioural 
outcomes (Cramer et al., 2011; Kleim, 2012; Pascual-Leone, 2009). 
 
2. Motor Learning 
Motor learning may be defined as relatively permanent or stable improvents in motor 
performance that emerge from training or practice (Schmidt & Lee, 2014). The brain 
regions involved and the mechanisms that operate in motor learning, at both the 
behavioural and neural levels, are variable and likely depend on the type of task that 
is practiced and on the learning phase (Dayan & Cohen, 2011; Doyon et al., 2015; 
Krakauer & Mazzoni, 2011). Krakauer & Mazzoni (2011) have proposed a taxonomy 
for motor learning. According to these authors, motor learning can be divided into at 
least three categories, namely, motor adaptation, use-dependent plasticity and skill 
learning (Krakauer & Mazzoni, 2011). Motor adaptation is an internal model-based 
learning process where individuals learn, in a trial and error basis, how to respond to 
kinematic or dinamic pertubations in order to restore performance to baseline levels. 
This type of leaning is thought to rely heavily on the cerebellum (Doyon et al., 2015; 
Krakauer & Mazzoni, 2011). Use-dependent plasticity refers to the neural plasticity 
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that occurs during the repetition of either previously acquired or newly learned 
movement synergies and involves mostly the motor cortex (Krakauer & Mazzoni, 
2011; Nudo, 2013). Lastly, skill learning refers to improvements in performance that 
occur due to a shift in the speed-accuracy trade-off function of a given task, that is, 
when movements become both faster and more accurate. Skill learning is thought to 
be mediated by better state estimation and/or better motor execution and is likely to 
rely on pre-frontal cortex-, basal ganglia- and motor cortex-based systems (Krakauer 
& Mazzoni, 2011). Is it noteworthy that althoguh such reductionist approach may be 
too simplistic, it nevertheless has allowed for the investigation and better 
understanding of motor learning processes and mechanisms. Moreover, it is likely 
that different categories of motor learning operate at the same time and interact with 
each other when individuals are learning a given motor task (Krakauer & Mazzoni, 
2011). 
Understanding the principles and mechanisms of motor learning, at both the 
behavioural and neural levels, and how these might be optimally exploited so as to 
enhance motor learning in humans is of great practical relevance. For instance, such 
knowledge may contribute to improve learning in sports, music, industry, and 
medical training (Schmidt & Lee, 2014). Another relevant application includes the 
optimization of (re)learning in patients undergoing neurorehabilitation, for example, 
after hemiparetic stroke (Buch et al., 2017; Censor et al., 2012; Dayan & Cohen, 
2011; Krakauer, 2015; Torriani-Pasin, Palma, & Freitas, 2016; Winstein, 
Lewthwaite, Blanton, Wolf, & Wishart, 2014). Particularly, the utilisation of 
noninvasive brain stimulation (NBS) techniques, such as TMS and transcranial direct 
current stimulation (TDCS), to alter brain activity and modulate neural plasticity 
processes with the aim of maximizing motor learning in both healthy and 
neurological populations currently represents a major research front in this arena 
(Buch et al., 2017; Reis, Prichard, & Fritsch, 2014; Sandrini & Cohen, 2014; 
Zimerman & Hummel, 2014). Of note, the identification of the neural plasticity 
patterns associated with, and currently seen as key to motor learning, together with 
theoretical and practical advances in the knowledge of NBS techniques, has critically 
contributed to this undertaking. For example, the finding that motor learning is 
associated with specific changes in particular brain areas, e.g., with increases in the 
excitability of the cortical motor representations (CMRs) of the involved body parts 
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in the contralateral motor cortex, a phenomenon likely to be mediated by synaptic 
strengthening processes ocurring in that cortical region, such as long-term 
potentiation (LTP)-like processes, and that such changes can be enhanced or 
facilitated by some forms of TMS and TDCS has formed the neuroscientific basis for 
the use of NBS as a means to enhance motor learning in humans, in both healthy 
individuals and after stroke (Buch et al., 2017; Monfils, Plautz, & Kleim, 2005; 
Ojakangas & Donoghue, 2006; Rioult-Pedotti & Donoghue, 2003; Stagg, 2014). 
 
2.1. Noninvasive brain stimulation as a means to enhance motor learning 
The advent and refinement of NBS techniques during the past two decades has 
allowed for the development of neural plasticity “protocols” that are able to induce 
neural plasticity in selected brain areas and that therefore might be used to improve 
the individual’s behavioural capacity under certain conditions. With regards to motor 
learning, for instance, the motor cortex has been a major target of such protocols 
(Classen, 2013; Reis et al., 2014; Ziemann et al., 2008). In this case, NBS is often 
applied concurrently with motor training to potentiate or facilitate adaptive neural 
plasticity, i.e., to further increase the excitability of the involved CMRs by promoting 
LTP-like changes with excitatory stimulation to levels beyond what would be 
achieved with motor training alone, and thereby enhance motor learning (Buch et al., 
2017; Reis et al., 2014; Stagg, 2014). 
More recently, neural plasticity research has shown that it is possible to 
modulate the responsiveness of the motor cortex to neural plasticity protocols, to 
both exogenous and endogenous protocols, i.e., those mediated by NBS and motor 
learning, respectively, by manipulating its activity before the application of such 
protocols (Classen, 2013; Karabanov et al., 2015). In other words, the strength of an 
excitatory, LTP-like-inducing, or an inhibitory, long-term depression (LTD)-like-
inducing neural plasticity protocol targeting the motor cortex might be either 
increased or decreased depending on the history of activity of this cortical area. This 
priming effect has been termed “homeostatic metaplasticity” (Hulme, Jones, & 
Abraham, 2013). Basically, if synaptic activity in the motor cortex is high, then the 
strength of a subsequent excitatory, LTP-like protocol that targets the same cortical 
region is decreased, while the opposite is true for a subsequent inhibitory, LTD-like 
protocol. Conversely, if activity in the motor cortex is low, then a subsequent 
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excitatory, LTP-like protocol is enhanced, while the opposite is true for a subsequent 
inhibitory, LTD-like protocol (Classen, 2013; Hulme et al., 2013; Karabanov et al., 
2015). Homeostatic metaplasticity mechanisms are thought to operate in order to 
keep synaptic plasticity thresholds, e.g., LTP and LTD thresholds, within a certain 
physiological range that would protect against excessive potentiation and depression 
of synapses (Hulme et al., 2013; Karabanov et al., 2015). 
One example of the phenomenon of homeostatic metaplasticity was provided 
by Jung and Ziemann (2009). In short, the authors showed with TMS that, in healthy 
participants, motor learning, an endogenous excitatory, LTP-like-inducing neural 
plasticity protocol that targets the motor cortex, was enhanced by decreasing 
excitability of this cortical region with an inhibitory, LTD-like-inducing paired 
associative stimulation (PAS) protocol delivered before the learning protocol (Jung 
& Ziemann, 2009). Motor learning is thought to improve the individual’s motor 
capacity by, among other processes, promoting LTP-like changes in their motor 
cortex and thereby increases in the excitability of the involved CMR(s) (Kleim, 
2012; Monfils et al., 2005; Ojakangas & Donoghue, 2006; Rioult-Pedotti & 
Donoghue, 2003). In the study by Jung and Ziemann, the authors interpreted that the 
inhibitory, LTD-like PAS protocol delivered before motor training facilitated, via 
homeostatic metaplasticity mechanisms, the induction of subsequent LTP-like 
processes in the involved CMR, hence enhancing motor learning (Jung & Ziemann, 
2009). This finding has prompted others to extrapolate the concept of homeostatic 
metaplasticity to the context of motor rehabilitation after stroke. Interestingly, in a 
proof-of-principle study, and at odds with the standard approach in BS-based 
poststroke motor rehabilitation (see Section 3.2 and Figure 1.2b), Di Lazzaro and 
colleagues (2013) found that inhibitory NBS of the ipsilesional motor cortex applied 
before motor training-based physiotherapy exercises improved the motor outcomes 
of patients more than sham NBS (Di Lazzaro et al., 2013). This finding is in keeping 
with a homeostatic metaplasticity-like regulation of neural plasticity in the motor 
cortex, in that decreasing activity of this cortical area prior to motor training may 
have augmented or facilitated training-induced, LTP-mediated adaptive neural 
plasticity of the CMR(s) of the trained body part(s) (Di Lazzaro et al., 2013). 
As will be discussed in Chapter 2, short-term upper limb immobilisation 
(ULI), by decreasing the excitability of the involved CMRs and increasing the 
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likelihood of subsequent LTP-like changes in the contralateral motor cortex, holds 
the potential to be used as a primer to enhance subsequent motor learning within a 
context of homeostatic metaplasticity. 
Finally, given its practical relevance, one critical issue in motor learning 
research is to differentiate real changes in performance from random measurement 
error. While extensively adopted in the clinical literature (Beninato & Portney, 2011; 
Fritz, Blanton, Uswatte, Taub, & Wolf, 2009; Portney & Watkins, 2015; Scalzitti, 
2014), this approach has been largely overlooked in the motor learning arena. 
Chapter 5 (Studies 1 and 2) will address this issue by comparing the traditional 
inferential statistical analysis of difference (e.g., ANOVA) with an analysis based on 
the statiscal concepts of random measurement error (e.g., Standard Error of 
Measurement (SEM)) and true change (Minimal Detectable Change (MDC)) within a 
context of motor learning. 
 
3. Stroke Rehabilitation 
Stroke is a major cause of acquired physical disability in adults worldwide (Mendis, 
2013). Motor deficits affecting the upper limb are a common sequel of stroke and 
greatly contribute to decreasing the individual’s functional motor performance and 
thereby to the level of physical disability achieved (Sathian et al., 2011). It has been 
increasingly appreciated in the literature that motor rehabilitation after stroke plays 
an essential role in reducing associated motor deficits (Dobkin, 2005; Langhorne, 
Bernhardt, & Kwakkel, 2011; Mendis, 2013). Hereinafter, a focus will be placed on 
the motor rehabilitation of the paretic upper limb after stroke. 
Until about the late 1980s, neurorehabilitation professionals, despite 
recognising the importance of motor rehabilitation after stroke, had a somewhat 
restricted therapeutic arsenal for treating stroke-related motor deficits, such as upper 
limb hemiparesis (Ernst, 1990). This was in part due to a limited understanding of 
the neural mechanisms underlying motor deficits/recovery after hemiparetic stroke at 
that time (Dombovy & Bach-y-Rita, 1988). By then, motor rehabilitation after stroke 
consisted mostly in teaching patients compensatory motor behaviours with their 
intact or least affected body parts and/or in the utilisation of so called 
“neurophysiological approaches/techniques” that lacked a strong scientific basis and 
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had their therapeutic efficacy questioned (Dickstein, Hocherman, Pillar, & Shaham, 
1986). 
From that time onwards, with the advancement of noninvasive 
neurophysiological and neuroimaging tools for assessing and/or altering brain 
activity and function in humans, and the increasingly greater utilisation of such tools 
in stroke patients, together with major advances in the development and use of 
animal models of stroke, the scenario began to change. For instance, over the past 
twenty-five years or so, the findings from numerous correlational and experimental 
studies conducted with adult humans and experimental animals after stroke have 
substantially enlightened the understanding of the neural plasticity that occurs after 
hemiparetic stroke (Calautti & Baron, 2003; Cramer, 2008; Cramer et al., 2011; 
Dimyan & Cohen, 2010; Grefkes & Ward, 2013; Hodics, Cohen, & Cramer, 2006; 
Murphy & Corbett, 2009; Rossini, Calautti, Pauri, & Baron, 2003). For example, one 
key finding from such studies has been that good behavioural outcomes after stroke, 
i.e., motor recovery, seem to be associated with restoration of, or increases in, 
activity/excitability of the ipsilesional motor cortex and corticospinal system (Cramer 
et al., 2011; Grefkes & Fink, 2014; Kleim, 2012; Stinear, 2017; Ward, 2017). 
Overall, this progress has contributed to the formulation of theories of motor 
recovery after stroke. In short, these theories identify neural plasticity patterns, both 
adaptive and maladaptive, and delineate their mechanisms and likely causal factors, 
e.g., damage to or activity changes in particular brain regions or neuronal networks, 
and the presence or absence of specific behavioural or neural signals. Such 
mechanistic understanding of poststroke motor deficits/recovery has, in turn, allowed 
for the theoretical conceptualisation and subsequent development of new, science-
based motor rehabilitation strategies to treat upper limb hemiparesis, many of which 
remain under intensive investigation (Dancause & Nudo, 2011; Dimyan & Cohen, 
2011; Seitz & Butefisch, 2006; Ward & Cohen, 2004). In parallel, other strategies 
that were being conceptualised and developed from otherwise different, yet 
complementary scientific disciplines, such as behavioural psychology and 
multidisciplinary movement science, have found in those neural plasticity-based 
theories of motor recovery a strong neuroscientific support. This has further 
contributed to the establishment of these latter strategies as treatment options for 
poststroke upper limb hemiparesis (Shepherd, 2001; Sterr, 2004; Taub, 2004; 
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Winstein & Wolf, 2009). Henceforth, both the latter and those previously mentioned 
newly developed strategies will be referred to as “contemporary motor rehabilitation 
strategies”. 
 
3.1. Theories of motor recovery after stroke 
3.1.1. Background: Cortical motor representations, what they reflect, and what 
drives their organisation 
The motor cortex contains representations of body parts (Dum & Strick, 2005). In 
this Thesis these representations are referred to as “cortical motor representations” 
(CMRs). CMRs are commonly derived through electrical stimulation of the 
precentral cortex in the frontal lobe, with either noninvasive or invasive techniques, 
such as TMS and intracortical microstimulation (ICMS), respectively. While TMS is 
more frequently used with humans, ICMS is typically employed in animal research. 
The mechanism of action of these two techniques, when they are used for deriving 
CMRs, usually involves the stimulation of axons from local intracortical circuits that 
synapse onto corticospinal neurons that then synapse onto contralateral spinal motor 
neurons innervating skeletal muscles, which in turn act upon specific body parts 
(Kleim, 2012). The response to stimulation is then recorded in the periphery visually, 
i.e., through the visualisation of movement of the corresponding body part(s), and/or 
by means of surface electromyography (EMG) of the involved muscle(s) (Kleim, 
2012). It follows that when they are derived, CMRs may be considered as being a 
measure of both the amount of cortical and/or corticospinal tissue that is being 
dedicated to the motor control of a particular body part, which can be inferred from 
the size of the obtained representation over the cortex or scalp, and the strength or 
efficacy of this control, which can be inferred from the intensity of the recorded 
response in the periphery. Of note, both of these parameters, namely, the size of a 
CMR and the intensity of the recorded peripheral response, are largely influenced by 
the level of excitability of the cortical and/or corticospinal elements that are activated 
by the stimulation, in that changes in the excitability of these elements will most 
likely result in changes in both the size of a CMR and the intensity of the peripheral 
response (Ridding & Rothwell, 1995; Thickbroom, Byrnes, & Mastaglia, 1999). For 
that reason, the term “excitability of a CMR” is used in this Thesis to refer to either 
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the size of a CMR or the intensity of the (mainly EMG-based) peripheral response to 
stimulation, or to both (Ridding & Rothwell, 1995). 
Phillips and Porter (1977), as they commented on the use of electrical 
stimulation for deriving CMRs, wrote: “This leaves us free to concentrate on its 
merits as a tool for mapping the outputs that are available for selection by the 
intracortical activities that it cannot itself evoke” ((Porter & Lemon, 1993), p. 304). 
One way to interpret that statement is that the excitability of a CMR corresponding to 
a particular body part can be thought of as reflecting the individual’s motor skill with 
that body part (Kleim, 2012; Monfils et al., 2005; Nudo, 2003). This is not to say, 
however, that any change in excitability will affect motor recovery or change motor 
skill. Rather, by identifiying increases in excitability as an underlying mechanism for 
motor recovery after stroke and for motor learning, this provides a target for 
intervention. For example, manipulations that increase the excitability of CMRs, that 
is, that promote neural plasticity, are likely to contribute to enhance/facilitate motor 
recovery and learning (see Section 1.2). 
CMRs are by no means static entities. Instead, numerous neurophysiological 
studies performed with TMS and ICMS on adult humans and experimental animals 
in the past years have consistently demonstrated that CMRs are rather flexible or 
dynamic, and that one fundamental driver of their organisation, in terms of their 
excitability for example, is the amount of use or sensorimotor experience with the 
corresponding body part(s). For instance, in general, conditions of increased use or 
sensorimotor experience that increase activity in the efferent and/or afferent neuronal 
pathways targeting and/or coming from a particular body part, or parts, e.g., motor 
learning and somatosensory stimulation, induce an increase in the excitability of the 
CMR(s) of the involved body part(s) (Hallett, 1999; Hummel, Gerloff, & Cohen, 
2005; Kaas, 2005; Kleim, 2012; Ojakangas & Donoghue, 2006). This is often 
accompanied by gains in motor skill with the involved body part(s) and therefore is 
referred to as adaptive neural plasticity. Conversely, conditions of decreased use or 
sensorimotor experience that decrease or even cease activity in those neuronal 
pathways, e.g., brain or peripheral nerve lesions, amputation, spinal cord injury, and 
ischemic nerve block-mediated local anaesthesia, lead to a decrease in the 
excitability of the CMR(s) of the affected body part(s) (Hallett, 1999; Hummel et al., 
2005; Kaas, 2005; Kleim, 2012; Ojakangas & Donoghue, 2006). This usually 
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parallels a deterioration or loss of motor skill with the affected body part(s) and 
therefore is referred to as maladaptive neural plasticity. 
There is evidence suggesting that those changes in the excitability of CMRs, 
both adaptive and maladaptive, are mediated by, among other factors, synaptic 
strength modification processes, such as LTP-like and LTD-like processes, occurring 
within intracortical circuits in the motor cortex (Monfils et al., 2005; Ojakangas & 
Donoghue, 2006; Rioult-Pedotti & Donoghue, 2003). For example, LTP-like 
processes would lead to strengthening of synaptic connections within the motor 
cortex, e.g., of the synaptic inputs to corticospinal neurons, and hence to increases in 
the excitability of the respective CMR(s). On the other hand, LTD-like processes 
would promote weakening of those synaptic connections and thereby would lead to 
decreases in the excitability of the CMR(s) (Monfils et al., 2005; Ojakangas & 
Donoghue, 2006; Rioult-Pedotti & Donoghue, 2003). 
 
3.1.2. Theories of poststroke motor recovery 
Findings collated from several neurophysiological and neuroimaging investigations 
performed with brain injured adult humans and experimental animals have 
contributed so far to the formulation of at least two complementary theories of motor 
recovery after hemiparetic stroke. Hereinafter, these theories will be referred to as 
the “reactivation” and “rebalancing” theories. Of note, such theories have actually 
appeared more frequently in the literature as concepts, models, or neural strategies of 
motor recovery, rather than as theories per se. Also, other names rather than 
reactivation and rebalancing have been more commonly employed. Nevertheless, the 
underlying principles and/or mechanisms have been fully preserved and the terms 
employed here were chosen simply for the purposes of this Thesis. 
The reactivation theory makes three main assumptions and has been 
developed from findings from both animal and human studies (Dancause & Nudo, 
2011; Kleim, 2012; Kleim & Schwerin, 2010; Nudo, 2003, 2013). First, in the 
healthy adult brain, increased use or sensorimotor experience in the form of motor 
learning promotes adaptive neural plasticity, i.e., increases the excitability of the 
CMR(s) of the involved body part(s). Second, motor deficits after hemiparetic stroke 
are due not only to the neurological lesion itself, but, critically, also to maladaptive 
neural plasticity occurring in structurally intact, residual brain areas/networks 
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connected to the damaged region(s). Of special interest is the adjacent, perilesional 
tissue surrounding the stroke core. After the stroke, this region may still contain 
some residual cortical and/or corticospinal components of the CMR(s) corresponding 
to the paretic body part(s). When this is the case, it follows that, over time, these 
spared components often undergo profound physiological and structural changes, 
such as weakening and loss of synaptic connections, which ultimately result in a 
reduction in the excitability of the corresponding CMR(s). This condition of 
perilesional depression, or deactivation, is usually the combined result of phenomena 
that are initially triggered by the stroke lesion, such as diaschisis and learned non-
use, and that are subsequently aggravated by a state of substantially reduced use or 
sensorimotor experience with the paretic body part(s) (Kleim & Schwerin, 2010; 
Nudo, 2003, 2013). Third, the two mechanisms above can interact so that, after 
hemiparetic stroke, increased use or sensorimotor experience with the paretic body 
part(s) in the form of motor (re)learning may adaptively modulate perilesional neural 
plasticity. Therefore, this theory predicts that, by increasing use or sensorimotor 
experience with the paretic body part(s) in a motor (re)learning-like manner, the 
corresponding CMR(s), which may still have some residual cortical and/or 
corticospinal components available in the perilesional tissue, may be reactivated and 
adaptively stimulated, i.e., increase its(their) excitability and thereby improve the 
individual’s motor function (Kleim & Schwerin, 2010; Nudo, 2003, 2013). 
The rebalancing theory, on the other hand, has been developed mainly from 
findings from human studies and assumes that motor deficits after hemiparetic stroke 
result, besides from the neurological lesion itself, from a combination of both, 
deactivation of the perilesional tissue and further maladaptive neural plasticity 
involving the contralesional cerebral hemisphere (Nowak, Grefkes, Ameli, & Fink, 
2009; Sandrini & Cohen, 2013; Schlaug & Cohen, 2010). For instance, besides 
affecting lateralized motor control networks, a hemiparetic stroke usually also 
compromises transcallosal circuits that mediate interhemispheric interactions 
between homologous cortical areas. Of particular relevance are the inhibitory 
transcallosal circuits that connect the CMRs of one hemisphere to those of the 
contralateral hemisphere (Reis et al., 2008). The result would be a reduction in the 
inhibition from the motor cortex of the stroke-affected hemisphere to the 
homologous area of the opposite, unaffected hemisphere. Such disinhibition would 
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then lead to an abnormally increased activity of the contralesional motor cortex 
which, in turn, would contribute to an excessive transcallosal inhibition from this 
area towards the homologous region in the ipsilesional hemisphere (Nowak et al., 
2009; Schlaug & Cohen, 2010). The latter is likely to be aggravated by a 
concomitant compensatory increased use of the least-affected body side, which 
would further increase activity of the contralesional motor cortex and hence 
inhibition of the ipsilesional homologous area. In general, it is assumed that such 
condition of interhemispheric imbalance would be superimposed to an already 
existing condition of perilesional deactivation in the affected hemisphere and that 
this would, in turn, contribute to a further decrease in the excitability of potentially 
available residual CMRs in that hemisphere (Nowak et al., 2009; Schlaug & Cohen, 
2010). Accordingly, this theory predicts that motor recovery after hemiparetic stroke 
might be facilitated or enhanced if the interhemispheric interactions between the 
CMRs of the two homologous motor cortices are rebalanced, and that this can be 
achieved by increasing activity of the ipsilesional and/or decreasing activity of the 
contralesional motor cortex (Nowak et al., 2009; Sandrini & Cohen, 2013; Schlaug & 
Cohen, 2010). The two theories of motor recovery are illustrated in Figure 1.2a. 
 
 
Figure 1.2: This figure illustrates the interaction between two prevailing theories of 
motor recovery after stroke, named the reactivation and rebalancing theories (a), and 
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some of the contemporary motor rehabilitation strategies for treating poststroke 
upper limb hemiparesis that have been largely underpinned by these theories (b). Red 
explosion-like balloon: stroke lesion affecting the motor cortex. Light green circle: 
deactivation, i.e., decreased excitability, of residual CMRs in the perilesional tissue. 
Dark green circle: overactivity of homologous CMRs in the motor cortex from the 
opposite, unaffected cerebral hemisphere. Light blue arrow: decreased transcallosal 
inhibition. Dark blue arrow: increased transcallosal inhibition. Red thin downward 
arrow: reduced use or sensorimotor experience with the paretic upper limb. Black 
thin upward arrow: increased use or sensorimotor experience with the paretic upper 
limb through physiotherapy in the form of motor (re)learning-like, task-specific 
exercises. Red-yellow bolts: adjunctive therapies, such as excitatory and inhibitory 
brain stimulation (+BS and −BS, resp.) and peripheral somatosensory stimulation 
(PSS), to be combined with physiotherapy exercises. White tick upward arrow: 
increase activity of the ipsilesional motor cortex. White tick downward arrow: 
decrease activity of the contralesional motor cortex (from (Furlan, Conforto, Cohen, 
& Sterr, 2016)). 
 
3.2. Contemporary motor rehabilitation strategies for poststroke upper limb 
hemiparesis 
Overall, those two aforementioned theories of motor recovery currently form the 
neuroscientific basis of contemporary motor rehabilitation strategies for treating 
upper limb hemiparesis after stroke. These strategies might be broadly grouped into 
two complementary categories of interventions. The first category is mainly based on 
the reactivation theory and currently constitutes the back bone of modern 
neurorehabilitation. These interventions aim to increase skilled use of the paretic 
upper limb in order to reactivate and adaptively stimulate, i.e., increase the 
excitability of, likely latent CMRs in the affected cerebral hemisphere. They consist 
mostly of physiotherapy exercises that are grounded on motor learning principles and 
that are performed with the paretic upper limb in the form of repetitive and 
increasingly challenging task-specific movements and that are directed towards the 
(re)learning of motor skills (Carr & Shepherd, 2011b; Winstein & Kay, 2015; 
Winstein et al., 2014). The second category of interventions, on the other hand, is 
based on both theories of motor recovery, but particularly on the rebalancing theory. 
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These interventions aim to enhance the effects of physiotherapy exercises through 
the use of adjunctive therapies that have the potential to rebalance the 
interhemispheric interactions between the CMRs of the two homologous motor 
cortices and that can be delivered in combination with task-specific practice. These 
adjunctive therapies include, among others, excitatory and inhibitory brain 
stimulation (+BS and −BS, resp.) (Sandrini & Cohen, 2013) and peripheral 
somatosensory stimulation (PSS) (Cohen & Conforto, 2014). The standard approach 
in this context is to deliver +BS to the ipsilesional motor cortex to increase its 
activity and/or −BS to the contralesional motor cortex to decrease its activity 
(Sandrini & Cohen, 2013). In the case of PSS, the stimuli, which typically consist of 
low intensity electric currents, are delivered transcutaneously to the paretic body 
part(s) in order to increase the excitability of the corresponding CMR(s) in the 
contralateral, ipsilesional motor cortex (Cohen & Conforto, 2014). These adjunctive 
therapies can be used either separately or in combination with each other. For 
instance, task-specific exercises can be coupled with both BS and PSS to further 
potentiate training-induced adaptive neural plasticity (Celnik, Paik, Vandermeeren, 
Dimyan, & Cohen, 2009). Despite their promise, these and also other adjunctive 
therapies, such as drug therapies, still remain under intensive scientific investigation 
and therefore have not yet been routinely incorporated into clinical practice. The two 
categories of interventions are illustrated in Figure 1.2b. 
As noted above, contemporary motor rehabilitation strategies for treating 
poststroke upper limb hemiparesis are centred on the physical/overt practice of motor 
tasks. Individuals are required to have a level of residual motor function that will 
ultimately allow them not only to actively engage with repetitive task practice, but 
also to perform increasingly difficult exercises (Carr & Shepherd, 2011b; Winstein & 
Kay, 2015; Winstein et al., 2014). Therefore, while these rehabilitation strategies 
may undoubtedly translate into benefit for some stroke survivors, their overreliance 
on the availability of relatively high levels of residual motor function to promote 
adaptive neural plasticity, and hence motor recovery, represents a major obstacle. 
This is particularly true for individuals sustaining low-functioning upper limb 
hemiparesis who, due to poor residual motor function, cannot effectively engage with 
the physical/overt practice of motor tasks in the way that is needed to promote the 
adaptive neural plasticity patterns currently assumed to drive motor function 
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improvements. For these individuals, physical/overt practice-based rehabilitation 
strategies are of very limited value. 
At this point, it is worth clarifying that a condition of poor residual motor 
function after hemiparetic stroke, i.e., low-functioning hemiparesis, does not 
necessarily imply a rather severe neurological lesion that completely destroys the 
cortical and/or corticospinal components of the CMRs corresponding to the paretic 
body parts. While it stands to reason that such a severe lesion would inevitably result 
in poor residual motor function, the occurrence of the former is not a sine qua non 
for the presence of the latter. This is because many factors can determine the level of 
residual motor function that is expressed by an individual after hemiparetic stroke. 
For instance, it is well known that patients often experience substantial 
cardiorespiratory and skeletal muscle deconditioning after hemiparetic stroke (Carr 
& Shepherd, 2011a; Dobkin, 2008). Such deconditioning status, in turn, might 
greatly contribute to increasing their fatigue levels (Sterr & Furlan, 2015). 
Altogether, this can critically decrease the individual’s capacity to actively engage 
with the repetitive physical/overt practice of increasingly challenging motor tasks, 
hence contributing to a low-functioning profile. Moreover, as already mentioned 
earlier, the motor deficits, and hence the level of residual motor function that is 
displayed by an individual after hemiparetic stroke, are currently thought to be 
influenced by maladaptive neural plasticity processes involving structurally intact, 
residual brain areas/networks that were otherwise spared by the initial neurological 
lesion (Dancause & Nudo, 2011; Kleim, 2012; Kleim & Schwerin, 2010; Nudo, 
2013; Schlaug & Cohen, 2010). Therefore, a more comprehensive view would be 
that a condition of low-functioning hemiparesis after stroke most likely results from 
a complex interaction among different compromised body systems, instead of simply 
from the more direct effects of the neurological insult, i.e., the selective destruction 
of CMRs. 
Thus, in light of the above, alternative motor rehabilitation strategies for 
poststroke upper limb hemiparesis are currently needed. Essentially, in order to 
overcome the current obstacle, these alternative strategies must fulfil at least two 
requirements. First, they should be able to promote the adaptive neural plasticity 
pattern(s) currently identified as instrumental to poststroke motor recovery. Second, 
and most critically, their ability to do so must not be influenced by the individual’s 
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level of residual motor function. Importantly, such alternative strategies are likely not 
only to be more compatible with the recovery profiles of stroke survivors with poorer 
residual motor function, but also to translate into benefit to the entire spectrum of 
motor recovery. However, for this to be achieved, alternative experimental models of 
stroke that closely resemble a condition of low-functioning upper limb hemiparesis, 
not only at the neural, but also and mostly at the behavioural level, are needed. 
Chapter 2 will discuss how an upper limb immobilisation (ULI)-based model is 
likely to be a key candidate for this position. In short, this is because ULI (i) induces 
neural plasticity changes in the brain that mimic a condition of hemiparetic stroke, 
e.g., it decreases the excitability of CMRs in the contralateral motor cortex and alters 
interhemispheric balance in favour of the motor cortex ipsilateral to the immobilised 
limb, and (ii) promotes a condition of disuse with the upper limb, which is a critical 
aspect of low functioning hemiparesis. 
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Chapter 2 – Upper limb immobilisation as a neural plasticity model 
 
Summary 
This Chapter will review upper limb immobilisation (ULI) studies that have been 
conducted with neurologically healthy adult humans and experimental animals and 
then discuss how the findings from these studies could inspire the creation of a 
neural plasticity model that is likely to be of great relevance not only to the context 
of motor rehabilitation after stroke, but also to the field of motor learning. Two 
assumptions are made: that ULI, (i) by capitalizing on current theories of motor 
recovery after stroke and on the shortage of physical/overt movements – the latter 
being a hallmark of low-functioning hemiparesis –, offers a compelling 
neurobehavioural framework through which alternative motor rehabilitation 
strategies for treating upper limb hemiparesis can be envisioned, firstly developed 
and tested on healthy individuals, and then ultimately translated into the clinical 
context of poststroke motor rehabilitation, and, (ii) by modulating neural plasticity 
mechanisms in the brain, could be used in an attempt to enhance subsequent motor 
learning in humans. 
 
1. ULI and neural plasticity: Evidence from human and animal studies 
Given the fundamental role of use or sensorimotor experience in shaping CMRs and 
thereby the individual’s motor skill with the corresponding body part(s) (Chapter 1), 
studies have started to investigate ULI as an experimental protocol of disuse or 
sensorimotor deprivation. In such studies, either the entire upper limb or a part of it, 
e.g., the hand, is prevented from moving by means of a bandage, brace, cast, and/or 
sling, either because of trauma or simply for experimental purposes. Specifically, 
these investigations have focused not only on the neural, but also on the behavioural 
effects of immobilisation. 
For example, Huber et al. (2006) immobilised the left arm and hand of 
healthy participants for 12 consecutive hours to explore the effects of sensorimotor 
deprivation on sensorimotor cortex activity, motor performance, and sleep slow wave 
activity (SWA). After the immobilisation, the authors found decreased excitability of 
the hand representation in the right sensory and motor cortices, as revealed by 
reduced somatosensory and motor potentials evoked through peripheral nerve 
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stimulation and TMS, respectively. At the same time, the motor performance of the 
immobilised arm and hand had deteriorated, as indicated by an increase in hand-path 
area variability while individuals were reaching toward targets placed in front of 
them. Also, after immobilisation, there was a localised decrease in sleep SWA over 
the right sensorimotor cortex, which was detected through electroencephalography 
during sleep (Huber et al., 2006). Subsequent studies revealed comparable findings 
regarding the behavioural effects of immobilisation. In one of these studies, healthy 
participants had their upper limb immobilised for either 6 or 12 consecutive hours. It 
was found that after 12, but not 6 hours of immobilisation, motor control of the 
restricted limb was impaired, as revealed by abnormalities in both, hand trajectories 
and interjoint coordination during reaching movements (Moisello et al., 2008). 
Similarly, in a different study, healthy individuals displayed altered motor 
performance in a reach-to-grasp task after 10 hours of continuous arm and hand 
immobilisation. Here, the transport phase of the reach-to-grasp movement was 
affected, in that reaching was slower and its peak velocity time was achieved earlier. 
An interesting finding from this study was that motor performance on the reach-to-
grasp task quickly returned to baseline levels with only a few trials of practice after 
the immobilisation had been removed (Bassolino, Bove, Jacono, Fadiga, & Pozzo, 
2012). 
By employing the same immobilisation protocol from the latter study above, 
Avanzino et al. (2011) explored with TMS the effect of upper limb disuse on the 
interhemispheric interactions between the two homologous motor cortices. 
Additionally, the authors investigated whether this effect was modulated by the 
amount of use of the nonimmobilised limb. The study consisted of two groups. In 
one group, participants received no instructions regarding the amount of use of the 
nonimmobilised arm and hand (“free to move” group), whereas in the other group 
people were instructed to limit contralateral movements (“limited movement” 
group). After the 10 consecutive hours of right arm and hand immobilisation, both 
groups showed decreased excitability of the hand’s CMR in the left motor cortex and 
reduced interhemispheric inhibition from the left to the right CMR, with the latter 
effect being more pronounced in the “free to move” group. Of note, the excitability 
of the hand’s CMR in the right motor cortex, as well as the interhemispheric 
inhibition from the right to the left CMR, increased only in the group that was free to 
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move the left, nonimmobilised arm and hand (Avanzino, Bassolino, Pozzo, & Bove, 
2011). 
In keeping with these latter findings, a longitudinal neuroimaging study by 
Langer et al. (2012) reported bilateral structural changes in the sensorimotor cortex 
and corticospinal tract of immobilised individuals recovering from upper limb 
fractures. After an average of 16 days of right arm and hand immobilisation, cortical 
thickness and fractional anisotropy (FA) were reduced in the hand representation of 
the left sensory and motor cortices and over the left corticospinal tract, respectively. 
In addition, motor abilities with the left, nonimmobilised arm and hand improved 
throughout the restriction period, presumably as a consequence of an increased use in 
order to compensate for the immobilisation of the contralateral limb. Interestingly, 
this behavioural change was associated with an increase in both cortical thickness 
and FA of the right motor cortex and corticospinal tract, respectively, and with the 
decrease in cortical thickness of the left sensorimotor cortex (Langer, Hänggi, 
Müller, Simmen, & Jäncke, 2012). 
In another longitudinal study, in this case conducted with healthy adult 
monkeys, Milliken and colleagues (2013) investigated the effect of distal forelimb 
immobilisation on the somatotopic organisation of the CMRs of the respective 
forelimb. In this study, immobilisation periods varied from 38 to 248 days. Detailed 
CMRs of the forelimb of the animals were obtained through ICMS before, during, 
and after the immobilisation intervals. The authors found a progressive decrease in 
the excitability of the CMR of the digits together with an equivalent increase in the 
excitability of the CMRs of more proximal limb parts, such as wrist and forearm. 
These changes were accompanied by a reduction in skilled use of the digits and by a 
concomitant increase in the use of more proximal limb parts. In general, those 
cortical changes returned to baseline levels after removal of the immobilisation, 
during a period of behavioural recovery, when the animals regained skilled use of the 
digits, either spontaneously or through forced use (Milliken, Plautz, & Nudo, 2013). 
Complementing the above findings, Rosenkranz et al. (2014) showed through 
a variety of TMS-derived measures that ULI, besides decreasing the excitability of 
the involved CMR(s) in the contralateral motor cortex, also selectively alters neural 
plasticity and intracortical inhibition mechanisms within the same CMR(s) 
(Rosenkranz, Seibel, Kacar, & Rothwell, 2014). Specifically, the authors showed that 
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after 8 consecutive hours of left hand immobilisation the individuals displayed 
increased responsiveness to paired associative stimulation (PAS) protocols, which 
are thought to induce LTP- and LTD-like effects in the motor cortex. In detail, both 
LTP- and LTD-like mechanisms were facilitated in the hand’s CMR of the right 
motor cortex after immobilisation, presumably reflecting homeostatic adjustments 
that operate to increase the sensitivity of corticospinal neurons to any available 
synaptic inputs in the absence of a continuous afferent signalling due to 
immobilisation and thereby to preserve motor cortex output capacity. In addition, 
after immobilisation, short-interval intracortical inhibition (SICI) was reduced in the 
hand’s CMR of the right motor cortex, and this reduction was negatively correlated 
with the reduction in excitability over this cortical area. Again, as argued by the 
authors, this is likely to reflect compensatory adjustments that act in response to 
immobilisation in order to maintain motor cortex excitability levels within a 
physiological range. Finally, a correlation was also found between the decrease in 
excitability of the hand’s CMR in the right motor cortex and the strength of the 
effects of the PAS protocols. This correlation was positive for the LTP-like- and 
negative for the LTD-like-inducing protocol (Rosenkranz et al., 2014). The findings 
from this study, particularly those regarding the changes in neural plasticity and 
intracortical inhibition mechanisms, might explain, at least in part, the somatotopic 
reorganisation of CMRs in the contralateral motor cortex that seems to occur in 
response to upper limb, or mostly hand, immobilisation (Rosenkranz et al., 2014), 
such as that observed in the monkeys from the study mentioned previously (Milliken 
et al., 2013). 
Interestingly, both the neural and behavioural effects that have been reported 
in upper limb/hand immobilisation studies are to a large extent similar to the effects 
reported in investigations employing ischemic nerve block-mediated (INB-mediated) 
hand anaesthesia, both in healthy individuals and after stroke (Floel et al., 2004; 
Floel, Hummel, Duque, Knecht, & Cohen, 2008; Voller et al., 2006; Werhahn, 
Mortensen, Kaelin-Lang, Boroojerdi, & Cohen, 2002; Werhahn, Mortensen, Van 
Boven, Zeuner, & Cohen, 2002). Of note, INB-mediated hand anaesthesia selectively 
reduces somatosensory input from the hand to its representations in the contralateral 
sensory and motor cortices (Hummel et al., 2005). The abovementioned similarity 
emphasises the role of use or sensorimotor experience with a body part in 
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determining the excitability of its CMR in the contralateral motor cortex and thereby 
the individual’s motor skill with it. This observation, in turn, further corroborates the 
reactivation theory that was described previously in Chapter 1. 
In summary, the studies reviewed in this section provide evidence that ULI: 
(i) impairs motor performance with the restricted body part(s), even after 
short periods of restriction ranging from 10 to 12 hours; an effect that appears to be 
largely reversible; 
(ii) induces maladaptive neural plasticity of the CMR(s) of the immobilised 
body part(s), which expresses itself in the form of motor behaviour/performance 
deterioration, and which may vary from a reduction in the excitability of the involved 
CMR(s) to structural changes in the cortical and corticospinal components of the 
same CMR(s), depending on the duration of the immobilisation; 
(iii) affects the interhemispheric balance between the two homologous motor 
cortices in favour of the CMR(s) from the cerebral hemisphere ipsilateral to the 
immobilised body part(s); an effect that seems to be modulated by the amount of use 
of the contralateral, nonimmobilised limb; 
(iv) alters neural plasticity and intracortical inhibition mechanisms within the 
CMR(s) of the restricted body part(s); a process which is likely to be responsible for 
the maladaptive neural plasticity of the involved CMR(s). More specifically, such 
alteration occurs in a direction that appears to be associated with the amount of 
depression that is induced by the restriction in the involved CMR(s). For example, 
the larger the decrease in the excitability of the CMR(s), i.e., the greater the 
depression, the greater the likelihood for subsequent LTP-like changes (with the 
opposite being true for LTD-like changes) and the higher the levels of SICI within 
the same CMR(s). 
 
2. ULI as a neural plasticity model for developing alternative motor 
rehabilitation strategies for poststroke upper limb hemiparesis 
The proposal presented in this Chapter is that an ULI protocol consists in a neural 
plasticity model that offers a compelling neurobehavioural framework for developing 
alternative motor rehabilitation strategies for treating upper limb hemiparesis after 
stroke. As summarized previously, the neural effects of ULI are to a large extent 
similar to the maladaptive neural plasticity patterns that are often seen in hemiparetic 
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stroke and that underpin current theories of motor recovery. To briefly recall, those 
neural effects involve both, a reduction in the excitability of the CMR(s) of the 
immobilised body part(s) and changes in interhemispheric balance, with increased 
activity biased towards the CMR(s) from the cerebral hemisphere ipsilateral to the 
restricted body part(s). Indeed, in terms of maladaptive neural plasticity patterns, an 
ULI model largely resembles a hemiparetic stroke model, except of course for the 
absence of a neurological lesion (Figure 2.1a). 
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Figure 2.1: (a) similarity between the maladaptive neural plasticity patterns that 
often occur after hemiparetic stroke, and that are thought to play an important role in 
mediating the individual’s motor deficits (see Figure 1.2a for comparison), and the 
neural plasticity patterns that are induced by ULI (red crossed circle) in healthy 
individuals. Light green circle: depression, or deactivation, i.e., decreased 
excitability, of the CMR(s) corresponding to the immobilised body part(s). Dark 
green circle: overactivity of the homologous CMR(s) in the opposite hemisphere. 
Light blue arrow: decreased transcallosal inhibition. Dark blue arrow: increased 
transcallosal inhibition. (b) potential interventions that could be delivered during ULI 
in healthy individuals to prevent maladaptive or promote adaptive neural plasticity in 
the motor system. These interventions include covert/cognitive motor strategies, such 
as AO and MI (red-yellow balloon), and adjunctive therapies, such as ±BS and PSS 
(red-yellow bolts). White tick upward arrow: increase activity of motor cortex 
contralateral to immobilisation. White tick downward arrow: decrease activity of 
motor cortex ipsilateral to immobilisation. Delivering these interventions during ULI 
might contribute to the development of alternative motor rehabilitation strategies for 
treating poststroke upper limb hemiparesis (from (Furlan et al., 2016)). 
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But if the above is to be true, then what could be the advantages of using an 
ULI model as a stroke-like model for developing alternative motor rehabilitation 
strategies for upper limb hemiparesis, in place of currently used models (see Chapter 
1)? The answer would be that, besides mimicking the maladaptive neural plasticity 
patterns that often emerge after hemiparetic stroke and that are currently thought to 
play an important role in determining the individual’s motor deficits (Dancause & 
Nudo, 2011; Kleim, 2012; Kleim & Schwerin, 2010; Nudo, 2013; Schlaug & Cohen, 
2010), the ULI model promotes a condition of rather decreased, if any, physical/overt 
use or sensorimotor experience with the upper limb, which in fact characterizes the 
restriction protocols themselves. Such condition, in turn, is much more compatible 
with the recovery profiles of individuals with poor residual motor function and hence 
rather diminished mobility. Thus, an ULI-based stroke-like model, in comparison to 
current models, more closely resembles a condition of low-functioning upper limb 
hemiparesis. 
Importantly, within this context, if during a protocol of ULI in healthy 
individuals interventions could be delivered in order to prevent or reverse the 
maladaptive neural plasticity that is induced by movement restriction, because these 
interventions would necessarily have to bypass physical/overt movement execution, 
they could eventually translate into alternative motor rehabilitation strategies for 
poststroke upper limb hemiparesis with a greater potential for benefiting individuals 
with poor residual motor function. In this case, it is at least theoretically plausible 
that such interventions would be able to promote in low-functioning stroke survivors 
the adaptive neural plasticity patterns currently identified as instrumental to 
poststroke motor recovery (see the reactivation and rebalancing theories in Chapter 
1). Furthermore, the behavioural effects of ULI would also be of value to this 
context. For instance, it would be the case that the interventions under investigation 
could aim to prevent not only the induction of maladaptive neural plasticity patterns, 
but also the deterioration of physical/overt motor performance, which has also been a 
reported effect of ULI early after removal of the restriction. 
 
2.1. Preventing maladaptive/promoting adaptive neural plasticity during ULI 
Besides focusing on its neural and behavioural effects, recent studies have also 
started to explore how ULI can be used as a model of maladaptive neural plasticity 
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through which it is possible to test interventions that aim to prevent such neural 
plasticity from occurring. Specifically, researchers have employed ULI firstly to 
decrease the excitability of the CMR(s) of the restricted body part(s) and/or to induce 
an interhemispheric imbalance between homologous CMRs in favour of the CMR(s) 
ipsilateral to the immobilised body part(s). Then, they would try to prevent these 
changes from occurring through the concomitant delivery of interventions that are 
currently thought to have the potential to activate and adaptively stimulate CMRs in 
the absence of physical/overt use or sensorimotor experience with the corresponding 
body part(s). Below, these studies and interventions will be reviewed within the 
context of motor rehabilitation after stroke. 
 
2.1.1. Background: Covert motor strategies and their infusion into poststroke 
motor rehabilitation 
Covert motor strategies might also be referred to as cognitive motor strategies. They 
include, for example, motor imagery (MI) and action observation (AO). These 
strategies are referred to as “covert motor” strategies because of their intrinsic ability 
to activate the motor system of the brain without the physical/overt execution of 
movements. 
Theoretical support for considering MI and AO as covert motor strategies 
comes mostly from the “simulation theory”, which was proposed by Jeannerod 
(Jeannerod, 2001) almost two decades ago. According to this theory, the brain’s 
motor system, including its CMRs in the motor cortex, is part of a simulation 
network that is activated not only when one moves, but also when one imagines 
oneself, or observe others moving. In this vein, the theory proposes that the neural 
substrate that is activated for the physical/overt execution of a movement or action is, 
to a large extent, also activated by the imagination or observation of that same 
movement or action (Jeannerod, 2001). Several studies performed so far with healthy 
participants have provided strong empirical support for the simulation theory, by 
showing an extensive overlap in neural activation between conditions of 
physical/overt execution and conditions of imagination or observation of movements, 
and this includes activation of the CMR(s) of the involved body part(s) (Fadiga, 
Craighero, & Olivier, 2005; Munzert, Lorey, & Zentgraf, 2009; Sharma & Baron, 
2013; Stinear, 2010; Szameitat, McNamara, Shen, & Sterr, 2012; Szameitat, Shen, & 
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Sterr, 2007). In addition, it has also been shown that this overlap in neural activation 
does not remain confined to the motor execution domain, but it also occurs, for 
example, between movement preparation and MI (Kranczioch, Mathews, Dean, & 
Sterr, 2009; Kranczioch, Zich, Schierholz, & Sterr, 2014). This equivalence in neural 
activation between conditions of movement preparation/execution and conditions of 
MI/AO is thought to account for the improvements in physical/overt motor 
performance that are commonly seen in healthy individuals after MI/AO training 
(Jeannerod, 2004; Munzert et al., 2009; Pascual-Leone et al., 1995). For example, in 
a classical study, Pascual-Leone and colleagues (1995) showed that MI training 
alone, in comparison to physical/overt practice, also led to significant improvements 
in the physical/overt performance of a fine motor skill with the hand. Moreover, the 
same neural effects that were induced by physical/overt practice were also found in 
the individuals undergoing only MI training. In both conditions, there was an 
increase in the excitability of the CMR of the trained hand (Pascual-Leone et al., 
1995). Importantly, the findings from this study demonstrate not only that MI on its 
own can activate the CMR(s) of the involved body part(s) but, more critically, that 
MI training can lead to adaptive stimulation of the respective CMR(s). Such adaptive 
stimulation, in turn, translates into improved physical/overt motor performance with 
the involved body part(s). 
Overall, the above findings have spurred the infusion of MI and AO into 
neurorehabilitation, particularly into the context of poststroke motor rehabilitation 
(Malouin, Jackson, & Richards, 2013; Pomeroy, Page, & Farrell, 2010; Small, 
Buccino, & Solodkin, 2013). Essentially, the underlying assumption is that MI or AO 
training can reactivate and adaptively stimulate potentially spared, yet likely latent, 
CMRs in the stroke-affected hemisphere. This, in turn, would contribute to 
increasing activity of the ipsilesional motor cortex and thereby rebalance the 
interhemispheric interactions between this cortical area and the homologous region 
in the contralateral, unaffected hemisphere. Collectively, these effects would 
contribute to improving motor function (Celnik, Webster, Glasser, & Cohen, 2008; 
Sharma, 2012; Sharma & Cohen, 2010; Sharma, Pomeroy, & Baron, 2006) (see the 
reactivation and rebalancing theories in Chapter 1). Interestingly, studies have 
shown that the previously mentioned similarity which is found in healthy individuals 
between physical/overt movement and MI/AO, in terms of both the neural substrate 
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that is activated and their ability to induce improvements in physical/overt motor 
performance after training, is largely preserved in individuals after hemiparetic 
stroke (Cicinelli et al., 2006; Dickstein & Deutsch, 2007; Franceschini et al., 2012; 
Page, 2010; Szameitat, Shen, Conforto, & Sterr, 2012). Because MI and AO do not 
rely on physical/overt movement execution to activate and adaptively stimulate 
CMRs, they represent rather promising alternative motor rehabilitation strategies for 
individuals that have poor residual motor function after stroke and that therefore 
cannot effectively engage with the physical/overt practice of physically demanding 
motor tasks. In this case, individuals can make use of such strategies to initiate motor 
recovery, for instance, during the early stages of their rehabilitation, while they 
gradually build up their physical capacity with progressive cardiorespiratory and 
muscle strengthening/endurance exercises (Carr & Shepherd, 2011a; Dobkin, 2008), 
or simply up to a point when they are able to fully participate in physical/overt task-
specific training. Furthermore, from this point onwards, and for those who already 
have good residual motor function at the beginning of their rehabilitation, MI- and/or 
AO-based strategies might be used as complementary interventions to be combined 
with physical/overt task-specific exercises in order to potentiate motor gains 
(Pomeroy et al., 2011). 
Thus, it follows that covert practice-based alternative motor rehabilitation 
strategies for stroke, in comparison to physical/overt practice-based strategies, are 
more compatible with the wider spectrum of motor recovery and therefore are likely 
to benefit a larger group of stroke survivors. Nevertheless, despite being promising, 
research in this arena is still in its early stages and more studies are needed before 
sound recommendations regarding the use of covert motor strategies such as MI and 
AO can be made to effectively inform clinical practice. 
 
2.1.2. Covert motor strategies during ULI 
In light of the aforementioned, researchers have started to investigate how the brain 
mechanisms of MI and AO interact with the effects of ULI. 
In one study, Bassolino and colleagues (2014) immobilised the upper limb of 
healthy participants for 10 consecutive hours. During this time, the individuals were 
instructed to imagine, with their eyes closed, reach-to-grasp movements being 
performed with their restrained arm and hand (“MI” group), observe the same actions 
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on a computer screen (“AO” group), or watch a nature documentary with no human 
actions (“control” group). The excitability of the CMR corresponding to the 
immobilised hand was assessed with TMS one day before and immediately after 
removal of the immobilisation. In the “control” group, the excitability of the CMR of 
the restrained hand was reduced after immobilisation. This finding is in line with the 
findings from the other immobilisation studies previously described in this Chapter 
(see Section 1). In the “MI” group, similar changes were reported. However, in the 
“AO” group, the excitability of the CMR of the immobilised hand was higher than in 
the other two groups after immobilisation (Bassolino, Campanella, Bove, Pozzo, & 
Fadiga, 2014). 
With regards to the behavioural effects of immobilisation, it has been 
suggested that they might be attenuated by MI practice before removal of the 
restriction. In one study, individuals had their left hand immobilised for 24 
consecutive hours. After removal of the immobilisation, the participants were 
assessed on a hand recognition task, where their goal was to identify, as quickly as 
possible, whether a hand displayed on a computer screen corresponded to a left or 
right hand. Those who did not practice MI during immobilisation showed slower 
response times in the task, particularly for left hand stimuli (Meugnot, Agbangla, 
Almecija, & Toussaint, 2015). It is not known, however, whether this modulation of 
task performance by MI practice was mediated by changes at the level of the CMR 
corresponding to the immobilised hand. In addition, whether the gains in 
performance on the hand recognition/reaction task reported in this study extrapolate 
to the domain of physical/overt motor performance also remains unknown. 
In retrospect, the finding from the study by Bassolino et al., that MI training 
was inefficient in adaptively stimulating the CMR of the immobilised hand, and 
hence in overcoming the effects of immobilisation (Bassolino et al., 2014), appears 
to be not only in dissonance with the findings from other studies, which have 
otherwise reported adaptive neural plasticity of CMRs with MI training (e.g., see 
Section 2.1.1), but also at odds with Jeannerod’s simulation theory, which predicts 
adaptive stimulation of CMRs with MI training (Jeannerod, 2001). A possible 
explanation for this seeming contradiction, which was indeed acknowledged by 
Bassolino et al. (Bassolino et al., 2014), might be that the effects of MI on the brain’s 
motor system, particularly in terms of activating and adaptively stimulating CMRs, 
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are influenced by the current “state”, i.e., the posture, position, and/or history of 
mobility, of the body parts corresponding to these CMRs during the imagination 
process. For instance, studies have shown that if the current posture of a body part is 
congruent with the movements/actions being imagined, then the excitability of the 
corresponding CMR increases to a greater extent than when the posture is 
incongruent (Fourkas, Ionta, & Aglioti, 2006; Vargas et al., 2004). This suggests that 
the afferent, proprioceptive information coming from the body part(s) involved in the 
imagined movements/actions may play an important role in modulating the effects of 
MI on the corresponding CMR(s). Therefore, according to this perspective, the 
immobilisation procedure adopted in the study by Bassolino et al. (Bassolino et al., 
2014), and also in other immobilisation studies, by keeping the upper limb, and 
mainly the hand, in a relatively flexed posture and immobile for several hours, i.e., in 
a “state” rather incongruent with the imagined reach-to-grasp movements/actions, 
would have compromised the effects of MI on the corresponding CMR (Bassolino et 
al., 2014). 
If this is indeed the case, then it would have important implications for the 
use of MI in the scenario of motor rehabilitation after stroke, especially in cases of 
low-functioning upper limb hemiparesis. In the context of poststroke motor 
rehabilitation, MI training is typically used with the underlying assumption that it can 
adaptively stimulate CMRs in the affected cerebral hemisphere, and that this might 
translate into improved motor function (see Section 2.1.1). However, in that context, 
the “state” of the patient’s paretic upper limb is often largely incongruent with the 
movements/actions that are usually imagined during MI training, which basically 
consists of the mental rehearsal of functional movements of the patient’s daily living, 
such as reaching and grasping movements (Malouin et al., 2013). For example, the 
paretic upper limb is often found in a condition that is characterised by both, 
immobility or lack of physical/overt voluntary movement and a spastic posture with 
varying degrees of sustained flexion at the fingers, wrist, and elbow. Such condition, 
in turn, by providing the brain with reduced and/or incompatible proprioceptive 
information – incompatible with the reaching-to-grasp movements/actions –, could 
decrease or mask the true potential of MI as a motor rehabilitation strategy. In 
keeping with this hypothesis, Liepert and colleagues (2012) showed that MI of 
paretic hand movements increased the excitability of the corresponding CMR in 
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stroke patients with somatosensory deficits to a lesser degree than in patients with 
pure motor hemiparesis (Liepert, Greiner, Nedelko, & Dettmers, 2012). Overall, this 
seemingly important influence of the current “state” of the body part(s) on the effects 
of MI on the corresponding CMR(s) could explain, at least in part, the inconsistency 
in the results from recent clinical trials of MI training after stroke (Malouin et al., 
2013; Sharma, 2012). Thus, given its major theoretical and clinical implications, the 
interaction between the effects of both MI and ULI on the involved CMRs should be 
investigated in more detail. 
The evidences reviewed in this Chapter show that the ULI model provides a 
compelling neurobehavioural framework for exploring covert or cognitive motor 
strategies, such as MI and AO, within the context of poststroke motor rehabilitation. 
This is because ULI not only mimics the maladaptive neural plasticity patterns that 
are currently believed to contribute to the motor deficits shown by an individual after 
hemiparetic stroke but, critically, it also consists of a disease-free model of 
compromised brain function. By employing such model, covert or cognitive motor 
strategies can be investigated in healthy individuals in terms of their potential to 
adaptively stimulate CMRs within a context of “stroke-like” maladaptive neural 
plasticity, but without the influence of lesion-related confounding factors that are 
otherwise inevitably present in disease-based models. This opportunity, in turn, 
might greatly contribute to sharpening the mechanistic understanding of these 
strategies and thereby improve their translation into the clinical context of poststroke 
motor rehabilitation. 
 
2.1.3. The use of adjunctive therapies and the opportunity to enhance adaptive 
neural plasticity during ULI 
Recapitulating on the role of the pattern of activity in the efferent and/or afferent 
neuronal pathways targeting and/or coming from a particular body part in shaping 
the corresponding CMR (see Chapter 1), a recent study tested the interaction 
between PSS and hand immobilisation in healthy individuals. Complementing their 
previous findings on the effects of hand immobilisation on both, the excitability of 
the hand’s homologous CMRs and the interhemispheric interactions between them, 
Avanzino et al. (2014) showed that a form of proprioceptive stimulation can 
attenuate the maladaptive neural plasticity that is induced by hand immobilisation. 
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Specifically, the authors found that intermittent vibration of an intrinsic muscle from 
the immobilised hand, delivered throughout the period of immobilisation, was able to 
prevent large decreases in the excitability of the corresponding CMR and also to 
abolish both, increases in the excitability of the homologous CMR in the opposite 
hemisphere and changes in the interhemispheric balance between the two 
homologous CMRs (Avanzino et al., 2014). 
The findings from this latter study, when taken together with the findings 
from previously described studies investigating covert motor strategies during 
immobilisation (Bassolino et al., 2014; Meugnot et al., 2015), suggest that different 
interventions might be delivered in combination with each other during ULI in order 
to maximize prevention of maladaptive/promotion of adaptive neural plasticity in the 
brain’s motor system, much like with the use of adjunctive therapies in association 
with task-specific exercises during poststroke motor rehabilitation (see Chapter 1). 
In the former scenario, a potential intervention could be, for instance, to combine 
covert motor strategies with BS and/or PSS techniques during ULI (Figure 2.1b). It 
is reasonable to predict that the effects of such strategies, in terms of adaptively 
stimulating CMRs, would be strengthened by concomitant BS, delivered to either 
one or both motor cortices, and/or PSS of the immobilised body part(s). Interestingly, 
a recent study provides empirical support for this prediction. It was shown that 
observation of hand movements in combination with electrical stimulation of the 
median nerve at the wrist increased the excitability of the CMR of the involved hand, 
an effect that was not present when the two interventions were delivered separately. 
In addition, this modulation outlasted the period of observation-stimulation (Bisio et 
al., 2014). It remains to be tested, however, whether a similar manipulation would 
result in a potentiation of the effects of AO, at the CMR level, during ULI. 
 
3. ULI as a means to enhance subsequent motor learning 
The results from the studies by Jung and Ziemann (2009) and Di Lazzaro and 
colleagues (2013) (Chapter 1), when taken together with the findings reported 
previously in this Chapter concerning the effects of ULI on the contralateral motor 
cortex, evoke a rather interesting hypothesis. As demonstrated by Rosenkranz et al. 
(2014) (see end of Section 1), apart from decreasing the excitability of the 
corresponding CMR(s) in the contralateral motor cortex, short-term ULI also seems 
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to alter neural plasticity mechanisms within the same CMR(s), in that the larger the 
decrease in excitability that is induced by the immobilisation, the greater the 
sensitivity of the respective CMR(s) to subsequent LTP-like processes (Rosenkranz 
et al., 2014). This finding suggests that short-term ULI, like NBS, could potentially 
be used as a noninvasive neural plasticity protocol to decrease motor cortex 
activity/excitability and, through homeostatic metaplasticity mechanisms, improve 
subsequent motor learning. For instance, it can be hypothesised that, in healthy 
individuals, short-term immobilisation of the upper limb, for a period which is 
sufficient to activate homeostatic metaplasticity mechanisms in the corresponding 
CMRs, could perhaps enhance subsequent motor learning with that limb by 
facilitating or increasing the likelihood of training-induced LTP-like changes in the 
involved CMRs. In the same vein, now within the context of poststroke motor 
rehabilitation, it could also be hypothesised that a period of immobilisation of the 
patient’s paretic upper limb before a physiotherapy session could eventually 
potentiate subsequent training-induced, LTP-mediated adaptive neural plasticity of 
the corresponding CMRs, which in turn could contribute to enhance motor 
rehabilitation outcomes. 
The idea of using short-term ULI as a primer for subsequent motor learning 
does not necessarily assume an absolute superiority of this approach in relation to 
current NBS methods, and therefore does not imply replacement of the latter by the 
former. Rather, each method is likely to have its own advantages and disadvantages 
in relation to the other, depending on the research context. Nevertheless, at least in 
theory, some possible advantages of an immobilisation-based over a NBS-based 
neural plasticity protocol, assuming of course some efficacy of the former to begin 
with, could include, for instance, much lower associated costs and technicality, as it 
consists simply of individuals wearing a brace and/or sling, and a more physiological 
approach to manipulate activity and neural plasticity of the motor system. The low 
costs and technicality of an experimental protocol may not only allow for, but also 
foster its utilisation by research settings worldwide, especially by less resourceful 
institutions and countries. 
In spite of the relative success of some current NBS-based interventions 
aimed at enhancing motor learning in humans (Buch et al., 2017), the outcomes of 
such approaches, and the overall potential of NBS to improve motor learning, are 
42 
 
likely to be constrained by both, (i) a current lack of a solid mechanistic 
understanting of NBS protocols, and therefore of how, precisely, they affect 
behaviour, including motor learning (Bestmann, de Berker, & Bonaiuto, 2015; 
Bestmann & Walsh, 2017), and (ii) the artificiality and nonspecificity, 
physiologically speaking, of NBS protocols, at least when they are applied alone, i.e., 
offline, such as in cases of priming for subsequent motor learning, as opposed to 
concurrently to a particular behaviour or task. With regards to the latter, both the 
TMS- and the TDCS-based neural plasticity protocols that have been currently 
employed as a means to enhance motor learning seem to modulate, in a rather 
artifical manner, albeit seemingly selective, neuronal networks and synapses in the 
motor cortex that likely underestimate the underlying true physiology, and of which 
the precise causal relevance to voluntary motor behaviour has not yet been defined 
(Di Lazzaro, 2013; Di Lazzaro & Rothwell, 2014). As Huang and coleagues recently 
emphasized in a position paper, while discussing potential solutions for the current 
fragility and variability of the effects of NBS-based neural plasticity protocols: 
“Another strategy is to try to increase the specificity of stimulation. It would be ideal 
if a [...] protocol could specifically target the neural circuits that participate in a given 
behavior” ((Huang et al., 2017) p. 2325). There is also that statement by Phillips and 
Porter (1977) which was already quoted in Chapter 1. While commenting on the 
usefulness of electrical stimulation of the motor cortex, the authors wrote: “This 
leaves us free to concentrate on its merits as a tool for mapping the outputs that are 
available for selection by the intracortical activities that it cannot itself evoke” 
((Porter & Lemon, 1993), p. 304). Another way to interpret this statement is that 
electrical stimulation of the motor cortex, even in cases when it results in muscle 
contractions and movements of specific body parts, evokes a pattern of intracortical 
activity which is different from the pattern evoked during self-generated, voluntary 
movements. Accordingly, Lemon (2014) highlighted: “although electrical 
stimulation continues to provide a useful probe for exploring connections within the 
motor system and for probing the processes within it, we know that the patterns of 
activity generated by electrical stimulation are quite different from those observed 
during natural movements.” ((Lemon, 2014) p. 492). In the latter, the author is 
referering mainly to single-pulse electrical stimulation of the motor cortex, and it is 
likely that the discrepancy mentioned by him is even greater when it comes to neural 
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plasticity-inducing NBS protocols, which commonly involve the delivery of trains of 
electric pulses to the motor cortex at varied combinations of intensity and frequency 
(Classen, 2013; Ziemann et al., 2008). 
On the other hand, short-term ULI, when used for the purposes of 
potentiating subsequent training-induced adaptive neural plasticity and thereby 
enhancing subsequent motor learning, is likely to promote a more physiologically 
specific modulation of the brain’s motor system and its neural plasticity. This is 
because the neuronal networks and synapses to be affected and modulated, in this 
case depressed by the immobilisation-induced inactivity or disuse of the upper limb, 
would largely, if not completely, overlap with the neuronal networks and synapses 
that are normally recruited during voluntary motor behaviours involving the upper 
limb, including during motor training and learning. For instance, the corticospinal 
neurons in the motor cortex which project to the contralateral spinal cord and 
innervate spinal motor neurons that, in turn, innervate skeletal muscles, are 
considered a major component of the brain’s motor system for generating voluntary 
movements, particularly upper limb actions (Porter & Lemon, 1993). These 
corticospinal neurons are driven by a rather complex, yet specific pattern of 
somatotopically organized synaptic inputs coming from several cortical, including 
adjacent corticospinal neurons, as well as subcortical structures (Dum & Strick, 
2005; Frey et al., 2011; Porter & Lemon, 1993; Rothwell, 1994). These neuronal 
networks and synapses should be active during motor training and learning with the 
upper limb, being modulated and undergoing modifications in their strenght, e.g., 
through LTP-like mechanisms, in a rather specific or selective manner (Monfils et 
al., 2005; Ojakangas & Donoghue, 2006; Rioult-Pedotti & Donoghue, 2003). Thus, it 
follows that a period of immobilisation or disuse of the upper limb, within a context 
of homeostatic metaplasticity, should reduce activity and modulate neural plasticity 
processes in those same neuronal networks and synapses (Hulme et al., 2013). This 
in turn could lead to a more physiological, i.e., neuronal network- and synapse-
specific modulation of activity and neural plasticity of the brain’s motor system that 
could be more behaviourally meaningful and that therefore could enhance 
subsequent motor learning to a greater extent in comparison to current NBS-based 
approaches. 
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4. Summary of key findings 
Empirical evidence and theoretical arguments have been presented in this Chapter 
that an ULI-based neural plasticity model, by capitalizing on both, current theories of 
motor recovery after stroke and the shortage of physical/overt movements, and by 
modulating neural plasticity mechanisms in the brain, offers a compelling 
neurobehavioural framework (i) through which alternative motor rehabilitation 
strategies for treating upper limb hemiparesis can be investigated, and (ii) that can 
also be exploited as a means to enhance subsequent motor learning in humans. 
Despite the above, before ULI can eventually be established as a neural 
plasticity protocol in humans, some issues remain to be addressed by future research. 
At present, one pressing issue relates to the duration of the immobilisation protocol. 
For example, there is no consensus yet on a possibly ideal immobilisation time to 
induce the reported effects in the motor system. Studies have used restriction periods 
ranging from hours, e.g., 6, 8, 10, 12, and 24 hours, to days in humans and to months 
in animals. Determining the optimal time of immobilisation is critical to define the 
true feasibility of an immobilisation-based neural plasticity protocol, for both motor 
rehabilitation- and motor learning-based investigations. Particularly, one important 
question is whether the same effects that have been reported in the literature with 8-
12 hours of immobilisation, namely, decreases in the excitability of the involved 
CMR(s) and enhancement of neural plasticity mechanisms such as LTP-like 
processes in the same CMR(s), can also be obtained with less restriction time, e.g., 6, 
or even 3 hours, as a briefer immobilisation protocol is likely to be more easily 
implemented than a longer one. 
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Chapter 3  – Research questions addressed 
 
In light of what has been presented and discussed in Chapters 1 and 2, the studies 
comprising this Thesis addressed the following questions: 
 
 x A computer-based motor task was designed to be used in future studies 
investigating the ability of ULI to enhance subsequent motor learning. First, 
the test-retest reliability of the task was established (Study 1) and then its 
learning was characterised (Study 2). 
 
 x When assessing changes in performance that emerge during motor learning, 
how can one differentiate true changes in performance from random 
measurement error? Is there a difference between traditional statistical 
analyses of difference (e.g., ANOVA) and analyses based on the statistical 
concepts of random measurement error (e.g., SEM) and true change (e.g., 
MDC)? How can the latter be applied in motor learning research, and what is 
the added value of this approach? (Studies 1 & 2). 
 
 
 x Is there an optimal immobilisation time to induce neural plasticity in the 
motor system? Specifically, is there a difference among 3, 6 and 9 hours of 
ULI in terms of excitability changes in the contralateral motor 
cortex/corticospinal system, as assessed with TMS? (Study 3). 
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Chapter 4 – Studies 1 & 2 
 
Summary 
ULI seems to modulate neural plasticity mechanisms in the brain and therefore has 
the potential to be exploited as a means to enhance subsequent motor learning in 
humans. A computer-based motor task was designed to be used in future studies 
testing the ability of an ULI protocol to enhance subsequent motor learning in 
healthy individuals. Two studies were conducted. The aim was to first assess the test-
retest reliability of the task (Study 1) and then characterise its learning (Study 2). 
Study 2 was analysed with traditional inferential statistics (e.g., ANOVA) and with 
estimates of random measurement error (e.g., Standard Error of Measurement – 
SEM) and threshold for true change (e.g., Minimal Detectable Change – MDC95), in 
order to differentiate true changes in performance from random measurement error. 
 
1. Material and Methods 
1.1. Participants 
Thirty-three adult individuals were recruited for Studies 1 and 2 and those who took 
part in one study did not participate in the other. Individuals were students or 
members of staff from the University of Surrey and were all right-handed, as 
assessed through the Edinburgh Inventory (Oldfield, 1971) (Appendix 1). Both 
studies were approved by the University of Surrey’s Ethics Committee and all 
participants gave written consent prior to participation. Two participants withdrew 
from the studies (one from Study 1 and one from Study 2), leaving N = 16 for Study 
1 and N = 15 for Study 2. Participation was reimbursed with £5 for Study 1 and £25 
for Study 2. The latter also included a performance-related cash bonus to encourage 
motivation. Demographic data for both studies are presented in Table 4.1. 
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Table 4.1. Demographic data from the participants who completed Studies 1 and 2. 
Data presented as M (± SD). 
Study 1 
(N = 16) 
Age (years) 29.38 (± 8.89) 
Gender 10 Females 
Study 2 
(N = 15) 
Age (years) 20.93 (± 3.22) 
Gender 12 Females 
 
 
1.2. Motor Task 
A computer-based motor task which involves the dexterous manipulation of an 
adapted vertical mouse, and which was designed to be employed in future 
investigations, was used in Studies 1 and 2. The adapted mouse comprised a 
commercially available wireless vertical mouse (Penguin Ambidextrous Vertical 
Mouse, Posturite Ltd, UK) with a plastic bottle attached to its vertical handle in order 
to increase task difficulty and counter possible familiarity with vertical mouse use 
(Figure 4.1a). The task was based on a freely available online game 
(www.aimbooster.com) which allows customization of many of its gaming settings. 
Two bespoke versions of the game were programmed for Studies 1 and 2. 
 
48 
 
 
Figure 4.1. The adapted vertical mouse that had to be controlled by participants 
while performing the computer-based motor task during Studies 1 and 2 (a), what the 
task consisted in (b), and the experimental setup for Studies 1 and 2 (c). 
 
In Study 1, the game comprised 1 block of 4 trials, consisting in a 15-seconds 
familiarisation trial followed by three 1-minute practice trials (Figure 4.2a). A 10-
seconds countdown preceded the familiarisation trial and a 30-seconds countdown 
was given prior to commencement of every practice trial. For Study 2, the game 
consisted of 5 blocks. The first and last blocks had 4 trials each, as in Study 1 (1 
familiarisation trial plus 3 practice trials), while the remaining blocks were 
comprised of 3 practice trials each (Figure 4.2b). A 1-minute rest interval spaced 
blocks 1, 2, 3, and 4 from each other. Blocks 4 and 5 were spaced by a 5-minutes rest 
interval. All other parameters were similar to Study 1. 
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Figure 4.2. The two versions of the game used in the two present studies. The 
version used in Study 1 comprised only 1 block (a), while the version used in Study 
2 comprised 5 blocks (b). 15s = 15 seconds familiarisation trial. 1m = 1 minute 
practice trial. 
 
In both versions of the game, the task consisted in hitting circular targets on a 
18.5 x 20.5cm computer screen frame by moving a cross-hair controlled by the 
adapted vertical mouse (Figure 4.1b). Touching a target with the cross-hair already 
counted as a hit; no clicking was needed. After each target was hit, another one 
would immediately pop up on the screen following a pseudorandomised spatial 
distribution pattern. No penalty was incurred if participants missed the targets and/or 
moved the cross-hair outside the screen frame. However, these indirectly reduced 
performance because of time costs. Participants were instructed to hit as many targets 
as possible during the practice trials. 
The adapted mouse was placed on a 50 x 42cm smooth mouse pad (HyperX 
FURY Pro Gaming Mouse Pad, Kingston Technology Corporation, USA), which 
was fixated to a height-adjustable table (Figure 4.1c). The task was performed in a 
standing position in order to increase task difficulty by adding postural demands. 
Table height was individually adjusted so that the participants’ right upper limb 
would not touch the mouse pad, again to place greater demand on motor control. 
Individuals were instructed to keep their left upper limb hanging on the side. The 
cross-hair on the screen was to be controlled by sliding the mouse across the pad 
without lifting it. Every trial started from a central position, i.e., with the cross-hair 
and the mouse at the centre of the computer screen frame and the pad, respectively. 
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The apparatus was slightly shifted to the right so that participants remained aligned 
to the centre of the computer screen (Figure 4.1c). 
 
1.3. Procedures 
1.3.1. Study 1 (Test-retest) 
Performance was assessed on 2 separate days with a minimal interval of 3 days (7 
days maximum; M = 4.5, SD = 1.37). Repeated-measures sessions (Session 1 on day 
1 and Session 2 on day 2) were completed in the laboratory, with identical 
instructions. Sessions lasted 4 minutes and were controlled for time of day. No 
performance feedback was given after Session 1 or immediately before Session 2 in 
order to ensure the integrity of the test-retest reliability measure. 
 
1.3.2. Study 2 (Motor Learning) 
Performance was assessed on 5 consecutive weekdays (Sessions 1-5), with an 
interval of 24 hours between two consecutive sessions, and after a one-week long-
term retention interval (Session 6). Before commencement of Sessions 2-5, 
participants were informed about their performance on the previous session; no 
performance feedback was given before commencement of Session 6. The game 
version from Study 1 (1 block with 4 trials) was used for Session 6. Repeated-
measures sessions (Sessions 1-5) were completed in the laboratory throughout the 
week, from Monday to Friday, with identical instructions and a 30-minutes duration 
each. One week from Friday (Session 5), another experimental session (Session 6; 4-
minutes duration) was performed in order to assess the long-term retention of the 
participants’ skill on the task. All sessions were controlled for time of day. 
 
1.4. Data Analysis 
For both studies, the number of targets hit and the average response time (RT), 
defined as the time in milliseconds (ms) elapsed between a target appearing on the 
screen and being hit, served as outcome parameters for statistical analysis. 
 
1.4.1. Study 1 (Test-retest) 
The number of hits and the average RT from the 3 practice trials were averaged for 
each participant and session. The data were assessed for outliers and the assumption 
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of normality. As the latter was met, paired-samples t-tests were then conducted to 
examine performance differences between the two experimental sessions. The 
intraclass correlation coefficient (ICC) was estimated as an index of test-retest 
reliability, using the model of random effects and the form of single-measures, i.e., 
ICC (2,1), (Appendix 2). Alpha level was set to 5% and the Statistical Package for 
the Social Sciences (SPSS, version 22) was used for statistical analysis. 
 
1.4.2. Study 2 (Motor Learning) 
The number of hits and the average RT from the 3 practice trials from the first block 
were averaged for each participant and session. No outliers were identified and the 
assumption of normality was met. One-way repeated-measures ANOVAs, with 
Session as the within-subjects factor, were then conducted for both number of hits 
and RT data to assess performance changes across the six experimental sessions. The 
method of Simple Contrast was used and Session 1 was defined as the Reference 
Category. In order to adjust for multiple comparisons, the Bonferroni correction 
method was applied. When the assumption of sphericity was not met, as assessed 
through Mauchly’s test, the Greenhouse-Geisser correction was performed (Field, 
2013). Alpha level was set to 5% and the data were handled with the Statistical 
Package for the Social Sciences (SPSS, version 23). 
The statistics of SEM and MDC95 were estimated for both hits and RT data 
(as described in Appendix 2). For estimating SEM, the standard deviation from the 
first block of Session 1 and the test-retest reliability index obtained in Study 1 were 
used (Beninato & Portney, 2011; Portney & Watkins, 2015). At the group level, for a 
change in performance to be considered a real change, that is, a change that is likely 
to be due mostly to real modifications in performance, the 95% confidence interval 
(CI) of the respective mean of the differences had to be outside the range of random 
measurement error, i.e., outside the interval spanning between the ±MDC95 values 
(Beninato & Portney, 2011; Fritz et al., 2009; Portney & Watkins, 2015). MDC95 
proportions were also calculated. These represented the percentages of participants 
showing motor learning during the training period, i.e., showing an improvement in 
performance that was equal to or greater than the absolute values of the MDC95 
(Portney & Watkins, 2015). By definition, changes equal to or greater than the 
MDC95 are outside the range of random measurement error and hence are likely to be 
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caused mostly by real modifications in performance, e.g., by learning (Beninato & 
Portney, 2011; Portney & Watkins, 2015). 
 
2. Results 
2.1. Study 1 (Test-retest) 
The number of hits was higher in Session 2 (M = 78.25, SD = 7.61) than in Session 1 
(M = 76.75, SD = 7.59). This difference, 1.50, ± 2.94, 95% CI [-0.07, 3.07], 
however, was not statistically significant, t(15) = 2.04, p = .06, and represented a 
small-sized effect, d = 0.20. A similar pattern was observed for RT, which was 
smaller in Session 2 (M = 728.24 ms, SD = 58.98) than in Session 1 (M = 738.86 ms, 
SD = 60.81). Likewise, this difference, -10.63 ± 24.11 ms, 95% CI [-23.47, 2.22], 
was not statistically significant, t(15) = 1.76, p = .098, and represented a small-sized 
effect, d = 0.18. 
Estimated ICCs for number of hits and RT were 0.91, 95% CI [0.75, 0.97], 
F(15) = 25.65, p < .001, and 0.91, 95% CI [0.75, 0.97], F(15) = 23.69, p < .001, 
respectively, indicating good test-retest reliability for the task. The results are 
summarized in Table 4.2. 
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Table 4.2. Number of hits and RT data from both experimental sessions from Study 
1. The differences between sessions and the estimated ICCs are also displayed. Data 
presented as M (± SD). 
Session 1 
Hits 76.75 (± 7.59) 
RT 738.86 ms (± 60.81) 
Session 2 
Hits 78.25 (± 7.61) 
RT 728.24 ms (± 58.98) 
Difference 
Hits 1.50 (± 2.94), 95% CI [-0.07, 3.07], d = 0.20 
RT 
-10.63 ms (± 24.11), 95% CI [-23.47, 2.22],      
d = 0.18 
ICC (2,1) 
Hits 0.91, 95% CI [0.75, 0.97] 
RT 0.91, 95% CI [0.75, 0.97] 
 
 
2.2. Study 2 (Motor Learning) 
For both parameters, participants performed increasingly better in Sessions 2, 3, 4, 
and 5, when compared to Session 1, and the improvements in performance achieved 
at the end of the training period were largely sustained over the one-week long-term 
retention interval (Session 5 to 6) (Figure 4.3; Table 4.3). These observations were 
corroborated by a main effect of Session on number of hits and RT. Post-hoc 
comparisons revealed statistically significant improvements in performance from 
Session 1 to 2, 1 to 3, 1 to 4, and 1 to 5, and retention from Session 5 to 6. These 
results are summarised in Table 4.4. 
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Figure 4.3. Performance across experimental sessions, in terms of number of hits (a) 
and RT (b). The round dots represent the averages of the 3 practice trials from the 
first block of each experimental session, which were used to measure motor learning. 
The vertical dotted lines represent the 1-week long-term retention interval spanning 
between Sessions 5 and 6. Group data are displayed. Error bars = 95% CI. 
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Table 4.3. Performance scores for both hits and RT data from Study 2. 
Hits 
Session 1  M = 78.11, SD = 6.26 
Session 2 M = 83.98, SD = 5.23 
Session 3  M = 86.60, SD = 5.42 
Session 4 M = 86.93, SD = 6.61 
Session 5  M = 89.93, SD = 5.38 
Session 6 M = 88.02, SD = 6.41 
RT 
Session 1 M = 728.69 ms, SD = 48.08 
Session 2  M = 685.02 ms, SD = 38.18 
Session 3  M = 664.76 ms, SD = 38.00 
Session 4  M = 660.04 ms, SD = 44.46 
Session 5  M = 640.16 ms, SD = 36.14 
Session 6 M = 653.35 ms, SD = 47.13 
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Table 4.4. ANOVAs and post-hoc comparisons for both hits and RT data from Study 
2. 
 ANOVA Post-hoc Comparisons 
Hits 
F(5, 70) = 17.43, 
p < .001 
Session    
1 to 2  
(+5.87, 95% CI [1.35, 10.39], 
p = .006, r = .60) 
Session    
1 to 3  
(+8.49, 95% CI[2.87, 14.11], 
p = .002, r = .67) 
Session    
1 to 4  
(+8.82, 95% CI [1.78, 15.87], 
p = .009, r = .58) 
Session    
1 to 5  
(+11.82, 95% CI [5.28, 18.37], 
p < .001, r = .74) 
Session    
5 to 6  
(-1.91, 95% CI [1.39, -5.22], p = .906) 
RT 
F(2.64, 36.95) = 18.07, 
p < .001 
Session    
1 to 2  
(-43.67 ms, 95% CI [-7.10, -80.24], 
p = .013, r = .56) 
Session    
1 to 3  
(-63.93 ms, 95% CI [-20.09, -107.78], 
p = .002, r = .65) 
Session    
1 to 4  
(-68.65 ms, 95% CI [-15.52, -121.78], 
p = .007, r = .60) 
Session    
1 to 5  
(-88.53 ms, 95% CI [-39.22, -137.84], 
p < .001, r = .74) 
Session    
5 to 6  
(+13.19 ms, 95% CI [-12.11, 38.49], p 
= 1.00) 
 
 
The estimates of SEM and MDC95 were, respectively, 1.88 and 5.21 for 
number of hits, and 14.42ms and 39.97ms for RT. At the group level, for both 
number of hits and RT, from 1 to 4 days/sessions of training on the task, the 95% CI 
of the mean of the differences in performance moved away from the interval 
corresponding to the range of random measurement error, suggesting a trend towards 
a real improvement in performance with training, i.e., learning (please refer to 
Figure 4.4). Analysis of individual data confirmed this trend by showing an increase 
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in the MDC95 proportion (60% to 80%) from 1 to 4 days/sessions of training, for 
both number of hits and RT, hence indicating a motor learning effect for individual 
participants (please refer to Figure 4.5; see also Figure 4.6). 
 
 
Figure 4.4. Changes in performance, in terms of number of hits (a) and RT (b), as a 
function of the number of days/sessions of training on the task. From left to right: 
Means of the differences in performance between Sessions 1 and 2, 1 and 3, 1 and 4, 
1 and 5, 1 and 6, and 5 and 6. The thin dashed horizontal lines indicate a mean 
difference of zero. The thick dashed horizontal lines indicate the ±MDC95 values 
(±5.21 for number of hits and ±39.97ms for RT). The shaded areas between the 
±MDC95 values represent the interval corresponding to the range of random 
measurement error. Changes in performance that are within this interval, 
irrespectively of statistical significance, are likely to result mostly from random 
measurement error, as opposed to from real modifications in performance, e.g., from 
learning. Group data are displayed. Error bars = 95% CI. 
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Figure 4.5. The same type of data as in Figure 4.4 are displayed, but here data are 
displayed at the individual level. The percentages represent the MDC95 proportions. 
These values correspond to the percentages of participants showing motor learning 
during the training period, i.e., showing an improvement in performance that was 
equal to or greater than the absolute values of the MDC95 and that therefore was 
outside the range of random measurement error, and hence was likely to have been 
caused mostly by learning. The rectangular boxes highlight the participants 
displaying a change in performance at the end of the training period, i.e., after 4 
days/sessions of training, that was smaller than the absolute values of the MDC95. 
These individuals could be considered “non-learners”. The percentages at Retention 
represent the percentages of participants who, having displayed motor learning at the 
end of the training period, showed a change in performance at the 1-week long-term 
retention test (Session 5 to 6) that was smaller than the absolute values of the MDC95 
and that therefore was likely to have been caused mostly by random measurement 
error. 
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Figure 4.6. The same type of data as in Figure 4.5 are displayed, but here changes in 
performance at the individual level can be tracked over time. Black dashed lines 
represent group changes. 
 
At the one-week long-term retention test, at the group level, for both number 
of hits and RT, the 95% CI of the mean of the differences in performance between 
Sessions 5 and 6 was within the interval corresponding to the range of random 
measurement error (please refer to Figure 4.4). At that same time point, 75% of the 
participants (9 out of 12) who after 4 days/sessions of training displayed learning, 
i.e., an improvement in performance that was equal to or greater than the absolute 
values of the MDC95, showed a change in performance which was within the range 
of random measurement error (please refer to Figure 4.5). Altogether, these findings 
indicate good long-term retention of motor learning from Session 5 to 6. 
Table 4.5 displays the estimates of SEM and MDC95 for both the number of 
hits and RT data. The respective MDC95 proportions at the end of the training period 
are also displayed. 
 
Table 4.5. Statistics of SEM and MDC95 for both number of hits and RT data from 
Study 2. The respective MDC95 proportions at the end of the training period, i.e., 
after 4 days/sessions of training on the task, are also displayed. 
 SEM MDC95 MDC95 Proportion 
Hits 1.88 5.21 80% 
RT 14.42 ms 39.97 ms 80% 
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Chapter 5 – Transcranial magnetic stimulation 
 
1. Basic mechanisms 
Transcranial magnetic stimulation (TMS) consists in a method that allows for the 
noninvasive and painless stimulation of the human brain (Rotenberg, Horvath, & 
Pascual-Leone, 2014). A typical TMS machine is composed of a main unit and a 
stimulating coil. The main unit is responsible for generating electric currents which 
in turn are transmitted through a connecting cable to the stimulating coil. The latter is 
made up of copper wires encased by a plastic cover (Rotenberg et al., 2014). 
Basically, TMS works through the principle of electromagnetic induction 
(Rotenberg et al., 2014; Valero-Cabré, Amengual, Stengel, Pascual-Leone, & 
Coubard, 2017). The mechanisms are as follows: When the coil is activated, usually 
via a foot pedal and/or button on its handle, the main unit generates a rapidly 
changing electric current which passes through the connecting cable and reaches the 
coil. Then, such rapidly changing current, when passing through the coil, produces a 
magnetic field that is perpendicular to the plane of the coil and that also changes, i.e., 
rises and falls, rapidly with time. This brief magnetic field around the coil, in turn, 
induces in a nearby conductor a secondary electric current. When the stimulating coil 
is placed over a person’s head, in contact with their scalp, then the secondary current 
will be induced in their brain, which will now behave as a conductor. The induction 
of an electric current in the brain stimulates the neural elements underneath the coil 
(Rotenberg et al., 2014; Valero-Cabré et al., 2017). Because the strength of the 
magnetic field, and hence of the induced electric current, decays exponentially with 
distance from the coil, the stimulation activates neural elements which are situated 
mostly at the cortical level (Rotenberg et al., 2014). 
One of the main advantages of TMS, in comparison to other brain stimulation 
methods, such as transcranial electric stimulation, is that the electric current which 
stimulates the brain does not have to pass through the individual’s scalp and skull, 
which could produce discomfort due to the activation of sensory receptors and/or 
scalp muscles (Rothwell, 2011). Rather, the current is induced inside the individual’s 
head, bypassing their scalp and skull, hence making TMS a noninvasive and painless 
brain stimulation method. 
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2. TMS protocols and general applications 
Since its inauguration as a neurophysiological research tool more than thirty years 
ago (Barker, Jalinous, & Freeston, 1985), TMS has been increasingly used by 
neuroscientists and clinicians worldwide to investigate and treat a variety of brain 
functions and disfunctions spanning different physiological domains, such as motor, 
sensory and cognitive (Valero-Cabré et al., 2017). More specifically, TMS has often 
been applied to assess the excitability/integrity of selected brain areas and/or 
networks; to measure activity within and between different brain areas; to 
infer/strengthen causal relations between specific behaviours or cognitive processes, 
or aspects of these, and activity of particular brain areas; to assess and modulate 
neural plasticity, and thereby influence behaviour; and to investigate the 
pathophysiology of, and potential treatments for, specific brain diseases/disorders 
(Dayan, Censor, Buch, Sandrini, & Cohen, 2013; Hallett, 2007; Pascual-Leone, 
Walsh, & Rothwell, 2000; Rossini et al., 2015; Rothwell, 2011; Siebner & Rothwell, 
2003; Ziemann, 2017). 
One of the most common and well stablished applications of TMS has been 
in the field of motor physiology, both clinical and nonclinical (Groppa et al., 2012; 
Hallett, 2007; Rossini et al., 2015; Rothwell, 2011; Ziemann, 2017). Within this 
field, the most frequent approach has been the utilisation of TMS to assess changes 
in the excitability of the motor cortex and its descending corticospinal projections 
(Groppa et al., 2012; Hallett, 2007; Rossini et al., 2015; Rothwell, 2011; Ziemann, 
2017), or, to keep with the terminology and concepts/definitions used throughout this 
Thesis, to assess neural plasticity of CMRs (see Chapter 2). An important factor that 
contributes to the favouring of this specific use of TMS over other applications, such 
as those outside the motor domain, is the relative ease in both, stimulating the motor 
cortex/CMRs and measuring the stimulation effects. For instance, individual pulses 
of TMS delivered to the motor cortex at suprathreshold intensities stimulate, likely 
transynaptically (Di Lazzaro, 2013; Di Lazzaro & Rothwell, 2014), the corticospinal 
neurons which activate contralateral spinal motor neurons innervating skeletal 
muscles. By means of surface electromyography (EMG) it is possible to record the 
TMS-induced electromyographic signal from the activated muscle(s), a signal 
commonly referred to as motor evoked potential (MEP) (Groppa et al., 2012; Rossini 
et al., 2015; Valero-Cabré et al., 2017). The MEP’s peak-to-peak amplitude (P-P), in 
62 
 
turn, can be used as a measure of the excitability of a given CMR (see Chapter 2). 
Accordingly, changes in P-P can be used to quantify changes in the excitability, i.e., 
neural plasticity, of the respective CMR(s) (Kleim et al., 2007; Paulus et al., 2013; 
Rotenberg et al., 2014). 
Theoretical and practical advances in the method of TMS have allowed for 
the purposeful modification of stimulation parameters, such as intensity, frequency, 
and number of stimuli, and thereby the development and establishment of different 
TMS protocols, each one being used for different purposes in terms of assessing or 
interfering with brain function or dysfunction (Paulus et al., 2013; Rossini et al., 
2015; Rotenberg et al., 2014; Valero-Cabré et al., 2017). Of note, for reasons already 
mentioned above, virtually all of these protocols were developed from, and still 
remain largely restricted to, stimulation of the motor system, more specifically, of 
CMRs (Paulus et al., 2013; Rossini et al., 2015; Rotenberg et al., 2014; Rothwell, 
2011; Valero-Cabré et al., 2017). For illustrative purposes, only two of these TMS 
protocols will be briefly described below, as they are the ones pertaining more 
directly to this Thesis. 
 
2.1. Single-pulse TMS 
This is likely the most frequently used TMS protocol. It consists in applying single, 
isolated TMS pulses to a given cortical region, usually the motor cortex, and 
recording the response to stimulation, e.g., the MEP. The effects of a single-pulse 
TMS protocol are determined by several factors: The cortical region that is being 
stimulated, e.g., whether it is a region processing sensory, motor, or cognitive 
information; the intensity of stimulation; the orientation of the TMS coil, as different 
orientations produce different current directions in the brain, hence stimulating 
different neuronal populations and pathways (Di Lazzaro, 2013; Di Lazzaro & 
Rothwell, 2014); the distance between the coil and the cortical surface, which is 
influenced for example by skull thickness and cortical anatomy; and the properties of 
the underlying neural tissue, such as fiber orientation and cerebrospinal fluid 
conductivity, among others (Farzan, 2014; Rotenberg et al., 2014; Valero-Cabré et 
al., 2017). 
Single-pulse TMS is perhaps the most widely employed TMS protocol 
because it is required for both, setting the appropriate stimulation intensity for an 
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individual, as each person requires a different TMS intensity, and adjusting 
stimulation intensity for another TMS protocol applied subsequently to the same 
individual; and also because it allows for the assessment of neural plasticity of CMRs 
under a variety of experimental conditions, both in healthy and clinical populations 
(Farzan, 2014; Kleim et al., 2007; Paulus et al., 2013; Ziemann, 2017) (see Chapter 
2). 
 
2.1.1. Motor threshold 
The motor threshold (MT) is a type of single-pulse TMS protocol which is 
commonly applied to quantify the excitability of CMRs and to set the appropriate 
intensity of stimulation for a given person (Farzan, 2014). The intensity of other 
TMS protocols is also commonly adjusted as a percentage of the MT (Farzan, 2014). 
The MT is thought to reflect the excitability of the cortico-corticospinal synapses that 
comprise CMRs (Ziemann, 2013). It corresponds to a stimulation intensity which is 
expressed as a percentage of the maximum stimulator output (MSO), i.e., of the 
maximum capacity of the TMS machine. Normative values for MT have been 
published, but there is substantial variation across individuals depending on age, 
muscle, and the presence and type of neurological disorders. In general, MT 
increases with age, is higher for proximal and axial muscles in comparison to 
distal/hand muscles, and can be increased, normal, or reduced depending on the 
neurological disorder that is present (Rossini et al., 2015). 
There are different procedures for determining the MT. One procedure which 
is described in the latest published TMS guideline (Rossini et al., 2015), and which 
was adopted in one of the studies from this Thesis, is as follows: First, with the target 
muscle at rest, usually an intrinsic hand muscle such as the first dorsal interosseous 
(FDI), and the stimulating coil oriented approximately at 45° towards the 
contralateral forehead, the respective cortical motor “hot spot” should be localized. 
This region corresponds to the contralateral cortical site, somewhere over the motor 
cortex, where single-pulses of TMS at suprathreshold intensities evoke the greatest 
response in the muscle of interest, i.e., where the muscle’s P-P is the greatest. This is 
likely the region with the highest density of corticospinal neurons projecting to the 
target muscle, or the region containing the most excitable population of cortical 
and/or corticospinal neurons innervating that muscle (Rothwell, 2003; Thickbroom et 
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al., 1999). Once the muscle’s hot spot is found, then the TMS coil is held still over 
this region and stimulation begins again. Now stimulation intensity is set to 
subthreshold levels and is gradually increased in steps of 5% of the MSO, until TMS 
consistently produces MEPs with P-P > 50µV, i.e., more than 5 out of 10 MEPs with 
P-P > 50µV. When this is achieved, then stimulation intensity is gradually decreased 
in steps of 1% of the MSO, until TMS produces less than 5 out of 10 MEPs with P-P 
>50 µV. This stimulation intensity plus 1% of the MSO is then defined as the resting 
MT for the involved muscle (Rossini et al., 2015). 
 
2.2. Repetitive TMS 
Also known as rTMS, these protocols consist in the application of trains of stimuli at 
different frequencies in order to induce lasting changes in excitability, i.e., neural 
plasticity, at the stimulation site and hence influence brain function, usually for a 
period of time that outlasts the period of stimulation (Classen, 2013; Paulus et al., 
2013; Valero-Cabré et al., 2017). The effects of a rTMS protocol will be determined 
by the cortical region that is being stimulated, the duration of the stimulation, and the 
frequency and intensity of the pulses. In general, low frequency rTMS (< 2Hz) 
protocols are employed to decrease the excitability of the targeted cortical region, 
while high frequency stimulation (> 5Hz) protocols are used to produce increases in 
excitability (Classen, 2013; Paulus et al., 2013; Valero-Cabré et al., 2017). 
Despite the above dichotomy, accumulated evidences from several brain 
stimulation studies conducted in the past years, including those employing rTMS, 
have revealed a rather complex scenario regarding the effects of neural plasticity-
inducing brain stimulation protocols, and the picture emerging from such studies is 
that the outcomes of these protocols are not as clear and predictable as commonly 
thought, with their effects on the brain and hence on behaviour being influenced by 
many variables, both modifiable and nonmodifiable. For instance, as Huang et al. 
(2017) recently highlighted in a position paper: “Several biological and 
methodological factors may cause fragility and intra- and inter-individual variability 
of […] effects. Biological factors include age, gender, genetics, anatomy (neuronal 
circuits and/or gyrification), brain state, prior history of muscle activity, lifestyle 
influences, and time of day (circadian rhythm). […] Methodological factors include 
65 
 
stimulation protocols and the methods for outcome measurements in physiology, 
neuroimaging and behavior”. 
Of note, rTMS, including both the low-frequency/inhibitory and the high-
frequency/excitatory protocols, has been widely employed as an adjunctive therapy 
in the context of poststroke motor rehabilitation in order to potentiate training-
induced adaptive neural plasticity of CMRs and thereby enhance motor outcomes in 
patients (Sandrini & Cohen, 2013; Zimerman & Hummel, 2014) (see Chapter 1). 
 
3. TMS outcome measures 
Different outcome parameters can be extracted from TMS, from single-pulse and 
repetitive, as well as other TMS protocols. For instance, the effects of brain 
stimulation can be measured through neuroimaging, such as magnetic resonance 
imaging and positron emission tomography, electroencephalography, and spinal cord 
epidural recordings, all of these employed concurrently with or early after TMS 
(Dayan et al., 2013; Di Lazzaro & Rothwell, 2014; Farzan, 2014). The most 
commonly extracted outcome parameter from TMS is, however, the MEP, through 
surface EMG of the target muscle(s) during single-pulse stimulation of the respective 
CMR(s), both in healthy and clinical populations (Farzan, 2014; Groppa et al., 2012; 
Rossini et al., 2015). 
Despite some limitations of the measure/technique itself and a lack of a sound 
mechanistic understanding of it (Bestmann & Krakauer, 2015), the MEP is currently 
considered an established outcome parameter of TMS for assessing neural plasticity 
of CMRs under a variety of experimental and disease contexts (Groppa et al., 2012; 
Kleim et al., 2007; Paulus et al., 2013; Rossini et al., 2015). 
 
3.1. MEPs from the hot spot 
Once the MT has been estimated with the TMS coil positioned over the cortical 
motor hot spot of the muscle of interest, a common approach is to deliver several 
suprathreshold single TMS pulses to the same scalp site, while recording the P-P of 
the MEPs that are produced, in order to establish a baseline level of excitability of 
the involved CMR before applying an experimental manipulation (Paulus et al., 
2013; Rossini et al., 2015). Then, for assessing neural plasticity of the CMR, after the 
intervention, another set of TMS pulses, the same number and at the same 
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stimulation intensity as before, is delivered to the same scalp site and the produced 
MEPs are recorded again (Paulus et al., 2013; Rossini et al., 2015). The MEPs 
recorded both at baseline and after application of the experimental manipulation are 
then averaged, and a mean P-P value is generated for each condition. In order to 
assess neural plasticity, the two mean P-P values are then compared (Paulus et al., 
2013; Rossini et al., 2015). 
Despite being widely employed (Paulus et al., 2013; Rossini et al., 2015), one 
limitation of this approach is that it does not take into account potential 
reorganisations that might occur in the CMR(s) of interest between the pre- and post-
intervention TMS assessments. Such reorganisations could involve, for instance, a 
shift in the position of the cortical motor hot spot of the involved muscle(s) 
(Rothwell, 2003; Thickbroom et al., 1999; Uy, Ridding, & Miles, 2002). It is 
generally assumed that “motor maps are in a constant state of flux” and that “the 
motor cortex may be in a constitutive state of reorganization that is both required for 
maintenance of motor map integrity and dependent upon specific neural signals” 
((Monfils et al., 2005) pp. 478 e 479, respectively). These neural signals would 
correspond, among other factors, to the multitude of afferent signals converging upon 
the corticospinal neurons that in turn project to the involved muscle(s) and that 
thereby make up the respective CMR(s). It is suggested that modifications in the 
characteristics of a CMR, in terms of both its excitability and topography, are 
mediated by changes in the strength and spatiotemporal pattern of these cortico-
corticospinal synapses (Monfils et al., 2005; Ojakangas & Donoghue, 2006; Rioult-
Pedotti & Donoghue, 2003). Such changes, in turn, would be promoted mostly by 
experience or behavioural/cognitive demand (Monfils et al., 2005; Ojakangas & 
Donoghue, 2006; Pascual-Leone et al., 2005; Rioult-Pedotti & Donoghue, 2003). For 
example, several neuroimaging and TMS studies conducted with hemiparetic stroke 
patients have reported topographic reorganisation, including shifts, of the CMRs 
corresponding to the paretic body parts, both during spontaneous recovery and after 
rehabilitation (Cramer, 2008; Grefkes & Ward, 2013; Rossini & Liepert, 2003). 
Similar findings have also been reported in healthy individuals during/after motor 
learning (Dayan & Cohen, 2011; Pascual-Leone et al., 2005). 
Thus, it follows from the above that, although the overall excitability of a 
CMR, i.e., the overall corticospinal output to the involved muscle, may not 
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necessarily change, a shift in its hot spot would suggest a decrease in its excitability, 
as indicated by a reduced mean P-P of the MEPs recorded at the post-intervention 
TMS assessment. This, in turn, could lead to erroneous interpretations as to the 
relationship between the behavioural phenomenon or experimental manipulation 
under investigation and the neural plasticity of CMRs. Another factor that might be 
responsible for potential shifts in a muscle’s hot spot between two consecutive TMS 
assessments would be noise in the TMS procedure itself (Karhu, Hannula, Laine, & 
Ruohonen, 2014; Uy et al., 2002). 
One way to overcome the aforementioned limitation is through the procedure 
of motor mapping with TMS. 
 
3.2. Motor mapping 
TMS-based motor mapping consists in another type of single-pulse TMS protocol, 
through which suprathreshold TMS pulses are delivered to several adjacent scalp 
sites overlying a region of cortex assumed to span the CMR of a given muscle 
(Thickbroom et al., 1999). A coordinate system, usually a Cartesian/square grid 
system, is commonly used to determine and register the different positions of the 
TMS coil on the individual’s head. Initially, such system was usually provided by a 
pre-marked cap which was tightly fitted to the individual’s head (Thickbroom et al., 
1999). More recently, however, cap-based coordinate systems have been increasingly 
replaced by neuronavigation-based coordinate systems (Comeau, 2014; Karhu et al., 
2014; Kleim et al., 2007; Rossini et al., 2015). The MEPs produced at each scalp site 
are averaged and the respective mean P-P is co-registered with the corresponding 
stimulation site. Then, by associating each mean P-P with the respective stimulation 
site, it is possible to create a topographical representation, i.e., a CMR, of the 
involved muscle over the individual’s head/scalp (Thickbroom et al., 1999). 
Different parameters can be extracted from a motor map/CMR, including size 
or area; location of the optimal position or best point for stimulation, i.e., the hot 
spot; centre of gravity (CoG); and volume (Kleim et al., 2007; Rossini et al., 2015). 
Map size or area is usually determined by marking the stimulation sites on the 
individual’s head that produce a positive response, i.e., a MEP with a pre-defined P-P 
(Kleim et al., 2007). Map volume, on the other hand, consists in “the sum of the 
average MEP amplitude at each location stimulated, normalized to the average MEP 
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at the location of the largest response.” ((Rossini et al., 2015) p. 1087). These 
parameters are commonly used to inform mostly about a given aspect of the CMR. 
For instance, map size or area provides information on the CMR’s topographical 
organisation, whereas map volume is used to inform about its overall excitability 
(Rossini et al., 2015). In the case of the latter, because the response/MEPs from 
several adjacent sites of stimulation are taken into account, the volume of a 
map/CMR is unlikely to be affected by potential changes in the position of the 
muscle’s cortical motor hot spot. Therefore, map volume consists in a more suitable 
outcome parameter to be extracted when assessing neural plasticity of CMRs, in 
terms of changes in overall excitability/corticospinal output, in comparison to 
recording MEPs only from the muscle’s hot spot. 
It is noteworthy, however, that both a map’s size/area and volume are greatly 
influenced by the level of excitability of the cortical and corticospinal elements that 
are activated by the stimulation, in that changes in the excitability of such elements 
will most likely produce changes in both the map’s size/area and volume (Ridding & 
Rothwell, 1995; Thickbroom et al., 1999). Another relevant point is that most studies 
of TMS-based motor mapping focus not on the absolute values of those 
abovementioned parameters but, rather, on how they change in response to different 
interventions and/or clinical conditions (Boniface & Ziemann, 2003). Finally, the 
procedures for performing motor mapping with TMS vary substantially across 
studies. For instance, there is variation in terms of the number of scalp sites that are 
stimulated, the order at which each site is stimulated, the number of stimuli per site, 
the time interval between two subsequent TMS pulses, and the intensity of 
stimulation adopted, normally expressed as a percentage of the MT. Although some 
general guidelines (Rossini et al., 2015; Thickbroom et al., 1999; Valero-Cabré et al., 
2017), as well as more specific/detailed protocols (Karhu et al., 2014; Kleim et al., 
2007; Van De Ruit, Perenboom, & Grey, 2015) for TMS-based motor mapping are 
available, there is no consensus yet in the literature on a definitive methodology for 
standardizing motor mapping across studies. 
 
4. Safety of TMS 
Since its introduction in the basic and clinical neurosciences, a number of side effects 
or adverse events resulting from TMS have been reported and discussed. 
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Importantly, this has led to the preparation and subsequent publication of safety 
guidelines for TMS, for both clinical and non-clinical purposes, in order to ensure its 
correct and safe application to healthy volunteers as well as to patients (Najib & 
Horvath, 2014; Valero-Cabré et al., 2017). 
Side effects from TMS tend to vary according to the protocol that is used, i.e., 
whether it is single-pulse TMS, low-, or high-frequency rTMS. Common side effects 
include headache, neck pain, and acoustic trauma. Less common are seizure and 
syncope. Headache and neck pain tend to occur more frequently with rTMS than 
with single-pulse stimulation. Syncope is usually an epiphenomenon, i.e., not directly 
related to the stimulation itself, whereas seizure, although rare, is more likely to 
occur in response to high-frequency rTMS (Najib & Horvath, 2014). 
Importantly, for reducing the risk of side effects and hence ensuring the safe 
application of TMS, both “contraindication” and “safe stimulation parameters” 
guidelines have been published and should be followed (Najib & Horvath, 2014; 
Valero-Cabré et al., 2017). The main contraindications to TMS are: Presence of 
metallic/ferromagnetic material in contact with the TMS coil, such as pacemakers 
and cochlear implants; personal history of epilepsy; cerebral damage; use of 
drugs/medications that may reduce epileptic threshold; and utilization of stimulation 
parameters exceeding safety limits (Najib & Horvath, 2014; Valero-Cabré et al., 
2017). The use of a “TMS screening questionnaire” is mandatory in both clinical and 
basic applications in order to reduce the occurrence of side effects or adverse events 
in response to TMS (Najib & Horvath, 2014). 
All in all, TMS is a safe research and therapeutic method, as long as safety 
guidelines and recommendations are conscientiously followed (Najib & Horvath, 
2014; Valero-Cabré et al., 2017). 
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Chapter 6 – Pilot for Study 3 
 
A pilot study was conducted in order to ensure methods optimisation for Study 3. 
Ten healthy right-handed adult individuals were recruited for this pilot. Individuals 
were screened for handedness (Appendix 1), health status (Appendix 3), and TMS 
eligibility (Appendix 4). Participants had their right upper limb immobilised for 9 
consecutive hours (10am to 7pm). The excitability of the right FDI’s CMR in the 
contralateral left motor cortex was assessed with single-pulse TMS immediately 
before, after 3, 6, and 9 hours of immobilisation. Fifteen MEPs were recorded from 
the participants’ right FDI, through surface EMG, in reponse to TMS delivered to the 
muscle’s hot spot on the left motor cortex. TMS was applied at a fixed, individually 
adjusted suprathreshold stimulation intensity during the 4 excitability assessments. 
An interstimulus interval of 5s was used and a stimulation intensity consistently 
producing MEPs of 1mV was aimed for. Six participants were excluded during/at the 
end of the study due to excessive noise in the EMG signal, likely reflecting TMS 
artifacts (Figure 6.1) due to suboptimal positioning of the ground electrode (Figure 
6.2), hence leaving N = 4. At the group level, overall, there was a depressant effect of 
immobilisation on the excitability of the right FDI’s CMR. Excitability levels 
decreased to 53% and to 48% of the baseline value after 3 and 6h of immobilisation, 
respectively (Figure 6.3). However, after 9h of movement restriction, excitability 
increased to 88% of the baseline value (Figure 6.3). At the individual level, there 
was great variability in excitability among participants over the course of 
immobilisation (Figure 6.3). 
After completion of this pilot study, three aspects of the original methods 
were modified for the main study. First, a different ground EMG electrode, with a 
larger contact area, was chosen, and instead of the participants’ right wrist, their right 
elbow was selected as the region for attaching the new ground EMG electrode 
(Figure 6.4), as this resulted in much less noise/TMS artifact in the EMG signal. 
Second, due to difficulty in consistently producing MEPs of 1mV in all participants, 
or because this would usually require a too strong intensity of the TMS pulses, 
stimulation intensity was individually adjusted as a function of the individuals’ 
resting MT. Lastly, instead of recording MEPs only from the FDI’s hot spot, the 
procedure of motor mapping was adopted as an alternative approach for assessing 
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excitability. The latter not only is likely to provide a more comprehensive assessment 
of excitability/corticospinal output, but also can counter decreases in excitability that 
might result, for example, from shifts in the position of the muscle’s hot spot due to 
reorganisation/plasticity of the motor cortex and/or from noise in the TMS method 
itself (see Chapter 5). 
 
 
Figure 6.1. This figure illustrates the TMS artifacts in the EMG signal that were 
found during the pilot study, likely resulting from suboptimal positioning of the 
ground electrode on the participants’ wrist. 
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Figure 6.2. This figure illustrates the position and type of the ground EMG electrode 
that were adopted during the pilot study. 
 
 
Figure 6.3. This figure shows the changes in excitability (as % of baseline) during 9 
hours of right ULI. The coloured lines represent individual data, while the black 
dashed line represents group data. 
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Figure 6.4. This figure shows the new type and position of the ground EMG 
electrode that resulted in supression of the TMS artifacts, and that therefore were 
adopted for the main study. 
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Chapter 7 – Study 3 
 
Summary 
As elaborated in Chapter 2, ULI, by decreasing the excitability of the corresponding 
CMRs in the contralateral motor cortex and promoting a condition of reduced 
sensorimotor experience or disuse, offers a compelling neurobehavioural framework 
for investigating alternative motor rehabilitation strategies for low-functioning upper 
limb hemiparesis. However, there is no consensus in the literature on a possibly ideal 
immobilisation time for that purpose. Studies have used immobilisation periods 
ranging from hours, e.g., 8 to 12h, to days in humans, and to months in animals. 
Determining a likely optimal time of immobilisation is critical to define the true 
feasibility of an immobilisation-based experimental paradigm. The aim of Study 3 
was to compare the effects of 3, 6, and 9h of ULI on the excitability of the 
contralateral CMR of a muscle from the immobilised hand. Neuronavigated TMS-
based motor mapping was performed to assess the excitability of the right FDI’s 
CMR immediately before, after 3, 6, and 9h of right ULI. The test-retest reliability of 
the TMS-based mapping procedure, obtained from a control group, and the statistics 
of SEM and MDC were used to examine immobilisation-induced changes in the 
excitability of the right FDI’s CMR over the 9 hours period. 
 
1. Material and Methods 
1.1. Participants 
Twenty-one healthy adult individuals were recruited for this study. Individuals were 
students or members of staff from the University of Surrey. Participants were 
selected according to specific eligibility criteria (see Appendices 1, 3, and 4), which 
involved being right-handed and not having any contraindications to TMS, any 
psychiatric/neurological condition or diabetes, and any injury or discomfort in the 
right upper limb. The study was approved by the University of Surrey’s Ethics 
Committee and all participants gave written consent prior to participation. 
Individuals were assigned to either an “immobilisation” (N = 12) or “control” (no 
immobilisation) (N = 09) group following an ABA design. Participants were 
reimbursed with £50 for their participation in the study. The demographic data are 
presented in Table 7.1. 
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Table 7.1. Demographic data from the participants who completed Study 3. Data 
presented as M (± SD). 
Immobilisation Group 
(N = 12) 
Age (years) 23.42 (± 4.68) 
Gender 8 Females 
Control Group 
(N = 09) 
Age (years) 21.11 (± 1.83) 
Gender 7 Females 
 
 
1.2. Immobilisation 
Participants from the immobilisation group wore a hand-wrist brace and a sling on 
their right upper limb for 9 consecutive hours (10am to 7pm) and were instructed not 
to move their limb during that time. In the control group, individuals were free to 
move their upper limbs during the 9h period. The immobilisation apparatus used is 
illustrated in Figure 7.1. During the 4 TMS assessments, in both groups, participants 
wore the hand-wrist brace and kept their right upper limb resting on a pillow across 
their laps in order to standardize hand and arm position during TMS. After the first, 
second, and third TMS assessments, the individuals from the immobilisation group 
kept the brace and put on the sling, whereas those from the control group removed 
the brace and did not put on the sling during the same time intervals. 
 
 
Figure 7.1. This figure illustrates the immobilisation apparatus used in the study. 
The apparatus consisted of a hand-wrist brace and a sling. 
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1.3. TMS 
TMS was performed with a Magstim Rapid2 stimulator (The Magstim Company Ltd, 
UK) connected to a 70mm figure-of-8 coil. A neuronavigation system (BrainSight 
2.3.3, Rogue Research Inc, Montreal, Canada) was used to define the stimulation 
points and monitor coil position during the TMS assessments. The participants’ head 
was co-registered with the neuronavigation software by identifying cranial and facial 
landmarks. This allowed for the individualised adjustment of a participant's head to 
fit the generic (MNI) brain image displayed by the software. The region 
corresponding to the hand’s CMR in the cMC (the omega) was identified in the MNI 
brain through visual inspection. A software-generated 6x6 rectangular grid, with 
each vertex separated by 1cm, was superimposed on the MNI brain image. The grid 
was centralised over the estimated hand area. Guided by the neuronavigation 
software, the TMS coil was placed over each grid point before delivering three 
individual electromagnetic pulses, using an interstimulus interval of 1s and a 
participant-specific stimulation intensity (50-60% of MSO). Stimulation started from 
the centre of the grid and followed a random spatial distribution pattern. This was 
repeated until the right FDI’s cortical motor hot spot was identified. This 
corresponded to the grid point with the largest average MEP’s peak-to-peak 
amplitude (P-P). Usually, this procedure required stimulation of no more than 5-9 
points of the grid. Subsequently, a new 5x5 rectangular grid was generated (again 
using 1cm spacing) and centred over the hot spot. The FDI’s resting MT was then 
estimated by positioning the TMS coil over the muscle’s hot spot. Stimulation begun 
at likely subthreshold levels (e.g., 50% of MSO) and was gradually increased in steps 
of 5% of the MSO, until it produced more than 5 out of 10 MEPs with P-P > 50µV. 
When this was achieved, stimulation intensity was gradually decreased in steps of 
1% of the MSO, until it produced less than 5 out of 10 MEPs with P-P > 50µV. This 
stimulation intensity plus 1% of the MSO was then defined as the resting MT 
(Rossini et al., 2015). For both finding the FDI’s cortical motor hot spot and 
estimating its resting MT, the TMS coil was kept flat against the participants’ scalp 
and pointing to their contralateral forehead, angled at approximately 45° with the 
sagittal plane (Rossini et al., 2015). Figure 7.2 illustrates the 2 grids that were used 
for hot spot localisation and motor mapping. 
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Figure 7.2. This figure illustrates the 6x6 grid that was used to localize the right 
FDI’s hot spot on the left motor cortex of the MNI brain model generated by the 
neuronavigation software (a) and the 5x5 grid that was used to perform motor 
mapping, i.e., to generate a CMR of the involved muscle (b). The former was centred 
at the estimated hand area (the omega) of the MNI brain model, while the latter was 
centred at the right FDI’s hot spot. L: left cerebral hemisphere. R: right cerebral 
hemisphere. 
 
1.3.1. Motor Mapping 
After estimating the right FDI’s resting MT, 10 TMS pulses were delivered to each 
of the 25 grid points, using a stimulation intensity of 110% of the resting MT and an 
interstimulus interval of 1s. The latter was chosen in order to optimize mapping time. 
Stimulation began at the centre of the grid and progressed clockwise, spiralling 
outwards. Positioning of the TMS coil over each grid point was guided by visual 
feedback provided by the neuronavigation software. Throughout the mapping 
procedure, while following head curvature, the TMS coil was kept flat against the 
participants’ scalp and pointing to their contralateral forehead, angled at 
approximately 45° with the sagittal plane. Each mapping procedure took 
approximately 10min. Four maps were produced for each participant from both 
groups. The first map was generated at 10am and the other 3 maps were generated 
consecutively after 3 (1pm), 6 (4pm), and 9h (7pm) (Figures 7.3 and 7.5). 
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Figure 7.3. This figure displays the data from one representative participant and 
illustrates the TMS mapping procedure adopted in the study. The orange sticks 
represent the positions of the TMS coil. Each point of the 5x5 grid was stimulated 10 
times. Stimulation begun at the centre of the grid and progressed clockwise, 
spiralling outwards. The first map (10am) is represented in a. All the 4 maps (10am, 
1pm, 4pm, and 7pm) are superimposed in b. 
 
1.3.2. Electromyography 
Surface electrodes were used to record the electromyographic (EMG) activity of the 
right FDI muscle through a monopolar montage. One electrode was placed over the 
muscle’s belly while the other (Kendall 130) was attached to the lateral aspect of the 
right first metacarpophalangeal joint. A ground electrode (Ambu Neuroline Ground) 
was attached to the participants’ right elbow. EMG signals were recorded through the 
EMG system built-in to Brainsight (Figure 7.4). The EMG data were stored on the 
computer running the neuronavigation software for offline analysis. 
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Figure 7.4. This figure shows the EMG montage (a) and devices (b) that were used 
during the TMS assessments. 
 
1.4. Procedures 
Participants in the immobilisation and control groups experienced all aspects of the 
TMS procedures equally, including initial hot spot localisation, resting MT 
estimation, and motor mapping, at each designated assessment time. Due to the 
lenght of the experiment, the participants were instructed to arrive at the TMS 
laboratory no later than 9am. After obtaining informed consent from the individuals 
and setting up the TMS and neuronavigation equipment, including participant 
preparation and registration, and definition of stimulation targets and parameters, the 
first TMS assessment begun. The latter involved hot spot localisation, resting MT 
estimation, and motor mapping. The other 3 subsequent TMS assessments consisted 
of motor mapping only. All participants remained in the laboratory throughout the 
study (from 9am to 7pm). During the intervals spanning from one TMS assessment 
to the next, the individuals remained seated in a chair and were provided with a desk 
where they could perform their daily activities, such as reading, using their laptop, 
eating, etc. The participants were free to walk around the premises of the laboratory 
in the company of the researcher. The use of bathroom facilities was allowed but 
limited to only once. The consumption of drinks or medications with known nervous 
system effects was not allowed during the time of the study. Figure 7.5 illustrates the 
study’s procedures from 10am to 7pm. 
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Figure 7.5. This figure illustrates the experimental procedures of the study. Red: 
Immobilisation group. Blue: Control (no immobilisation) group. The TMS 
assessments were identical for both groups. During TMS, the participants wore a 
hand-wrist brace and kept their right upper limb resting on a pillow across their laps 
in order to standardize hand and arm position. During the intervals spanning between 
two consecutive TMS assessments, the individuals from the immobilisation group 
kept the brace and put on a sling on their right upper limb, while the individuals from 
the control group removed the brace and did not put on the sling. The 4 TMS 
assessments were performed consecutively at 10am (Baseline), 1pm (3h), 4pm (6h), 
and 7pm (9h). 
 
1.5. Data Analysis 
“Map volume” was used as the outcome variable for quantifying the excitability of 
the CMR of the right FDI muscle (Rossini et al., 2015). The volume of a motor map 
can be defined as “the sum of the average MEP amplitude at each location 
stimulated, normalized to the average MEP at the location of the largest response” 
((Rossini et al., 2015) p. 1087). Instead of quantifying excitability by recording 
MEPs only from the hot spot, map volume was chosen in order to account for 
potential shifts in the position/localisation of the right FDI’s hot spot, which could be 
caused, for instance, by either plasticity/reorganisation of the respective CMR or 
noise in the neuronavigated TMS-based motor mapping procedure, or a combination 
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of both (Karhu et al., 2014; Rothwell, 2003; Uy et al., 2002). Another argument for 
choosing the latter over the former is that map volume likely provides a more 
comprehensive assessment of excitability/corticospinal output, and of how this may 
change with immobilisation, which in turn is likely to be more behaviourally 
meaningful, specially from a neurorehabilitation/motor recovery perspective (Plow, 
Cunningham, Varnerin, & Machado, 2015; Sterr, Dean, Szameitat, Conforto, & 
Shen, 2014; Stinear, 2017). 
The EMG data from each participant were exported from the neuronavigation 
software for offline analysis. Each TMS assessment/motor map (4 in total) provided 
a sample of 250 MEPs (10 MEPs for each of the 25 stimulation sites) for each 
participant. Thus, 1000 MEPs (4 x 250) were exported for calculating the map 
volumes for each individual. Two EMG data files were generated for each 
participant. One file contained information on the background EMG of each MEP 
(50ms window before stimulation; 50 – 0ms), while the other contained the P-P 
values of each MEP (30ms window after stimulation; 20 – 50ms). 
A bespoke MATLAB script (MATLAB R2017a, MathWorks, UK) was 
created for screening the EMG data for outliers and organizing it for statistical 
analysis. First, each MEP from a set of 250 MEPs was assessed for background noise 
in the EMG signal. MEPs with a z-score ≥ 2 for background EMG (50 – 0ms) were 
excluded. Subsequently, the remaining MEPs from that set were then assessed for P-
P outliers. MEPs with a z-score ≥ 3.5 for P-P (20 – 50ms) were excluded. At the end, 
for each participant and TMS assessment, an average value of MEP’s P-P was 
generated for each of the 25 sites of the grid. Map volume was then calculated for 
each of the 4 TMS assessments (Map volume_Baseline, Map volume_3h, Map 
volume_6h, and Map volume_9h) through the sum of these 25 average values, 
normalised by the largest average value (Rossini et al., 2015). 
The data from each group were treated separately. Control group data were 
used to provide psychometric information for the motor mapping procedure adopted, 
such as its test-retest reliability, and thereby estimate the statistics of SEM and 
MDC95, in order to subsequently differentiate in the immobilisation group true 
changes in excitability/map volume from changes due to random measurement error 
(Beninato & Portney, 2011; Fritz et al., 2009; Furlan & Sterr, 2018; Portney & 
Watkins, 2015). 
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For both groups, map volume was calculated for each participant and TMS 
assessment. Resting MT and map volume data were assessed for outliers and the 
assumption of normality. As no outliers were identified and the assumption of 
normality was met, an independent-samples t-test was performed to assess whether 
the two groups were comparable for resting MT. Subsequently, a one-way repeated-
measures ANOVA, with Assessment Time as the within-subjects factor (4 levels), 
was then conducted for each group separately to assess changes in excitability/map 
volume across the 4 TMS assessments. The assumption of sphericity was met for 
both groups, as confirmed by a non-significant Mauchly’s Test. The method of 
Simple Contrast was used and the excitability/map volume at baseline (Map 
volume_Baseline) was defined as the Reference Category. In order to adjust for 
multiple comparisons, the Bonferroni correction method was applied. Alpha level 
was set to 5% and the data were handled with the Statistical Package for the Social 
Sciences (SPSS, version 23) (Field, 2013). 
 
1.5.1. Control Group 
The intraclass correlation coefficient (ICC) was estimated as an index of test-retest 
reliability for the motor mapping procedure adopted, using the model of random 
effects and the form of single-measures, i.e., ICC (2,1) (Portney & Watkins, 2015). 
Alpha level was set to 5% and the reliability analysis was performed on the 
Statistical Package for the Social Sciences (SPSS, version 23). 
 
1.5.2. Immobilisation Group 
For complementing the ANOVA, the statistics of SEM and MDC95 were estimated in 
order to differentiate true changes in excitability/map volume from changes due to 
random measurement error (Furlan & Sterr, 2018). SEM was estimated from the 
immobilisation group’s standard deviation at baseline (Map volume_Baseline) and 
from the ICC, which in turn was obtained from the control group’s data (see above). 
The MDC95 was then estimated from SEM. 
At the group level, for a change in excitability/map volume to be considered a 
real change, that is, a change that is likely to be due mostly to real modifications in 
the CMR’s excitability, the 95% confidence interval (CI) of the respective mean of 
the differences had to be outside the range of random measurement error, i.e., outside 
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the interval spanning between the ±MDC95 values (Fritz et al., 2009; Furlan & Sterr, 
2018; Portney & Watkins, 2015). MDC95 proportions were also calculated for the 
second, third, and fourth TMS assessments. These represented the percentages of 
participants showing a change in excitability/map volume that was equal to or greater 
than the absolute value of the MDC95 (Portney & Watkins, 2015). By definition, 
changes equal to or greater than the MDC95 are outside the range of random 
measurement error and hence are likely to be caused mostly by real modifications in 
the variable/outcome parameter of interest (Beninato & Portney, 2011; Portney & 
Watkins, 2015). The procedures for estimating SEM and MDC95, as well as a more 
detailed account on these statistics, can be found elsewhere (see Appendix 2 and/or 
(Furlan & Sterr, 2018)). 
 
2. Results 
The control (M = 62.33, SD = 13.13) and immobilisation (M = 62.50, SD = 9.51) 
groups were comparable for resting MT, as confirmed by a non-significant 
independent-samples t-test, t(19) = -0.03, p = .973. 
 
2.1. Control Group 
Map volume decreased from the first (Map volume_Baseline; M = 8.03, SD = 2.34) 
to the second (Map volume_3h; M = 6.94, SD = 1.87) TMS assessment, but 
increased again in the third (Map volume_6h; M = 7.24, SD = 1.88) and fourth/last 
(Map volume_9h; M = 7.24, SD = 1.45) assessments. However, these changes were 
not statistically significant, with the ANOVA revealing no main effect of Assessment 
Time on excitability/map volume across the four TMS assessments, F(3, 24) = 1.22, 
p = .324. There was no statistically significant change in excitability/map volume at 
3, 6, or 9h, when compared to baseline (Figure 7.6a). 
The estimated ICC (2,1) for map volume was 0.55, 95% CI [0.23, 0.85], F(8) 
= 6.03, p < .001. 
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Figure 7.6. This figure illustrates the changes in excitability/map volume in the 
control group after 3 (1pm), 6 (4pm), and 9h (7pm), in comparison to baseline, at the 
group (a) and individual (b) levels. 
 
2.2. Immobilisation Group 
Map volume decreased progressively from the first (Map volume_Baseline; M = 
6.56, SD = 1.73) to the second (Map volume_3h; M = 6.25, SD = 2.55) and third 
(Map volume_6h; M = 6.01, SD = 1.60) TMS assessments, but increased again in the 
fourth/last (Map volume_9h; M = 6.82, SD = 2.34) assessment. However, similarly 
to the control group, these changes were not statistically significant, with the 
ANOVA revealing no main effect of Assessment Time on excitability/map volume 
across the four TMS assessments, F(3, 33) = 0.76, p = .527. When compared to 
baseline, there was no statistically significant change in excitability/map volume with 
3, 6, or 9h of immobilisation (Figure 7.7a). 
The estimates of SEM and MDC95 for map volume were, respectively, 1.16 
and 3.22. The CI of the mean of the differences remained within the interval 
spanning between the ±MDC95 values for 3, 6, and 9h of immobilisation, suggesting 
that the changes in excitability/map volume at these times, in comparison to baseline, 
were all within the range of random measurement error and therefore do not 
represent true changes (Figure 7.7a). The MDC95 proportion was 0 for 3, 6, and 9h 
of immobilisation, as no participant displayed a true change in excitability/map 
volume, i.e., a change equal to or greater than the absolute value of the MDC95, for 
any of the three immobilisation times (Figure 7.7b). 
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Figure 7.7. This figure illustrates the changes in excitability/map volume in the 
immobilisation group after 3 (1pm), 6 (4pm), and 9h (7pm) of immobilisation, in 
comparison to baseline, at the group (a) and individual (b) levels. The grey 
area/interval spanning between the ±MDC95 values (±3.22) corresponds to the 
interval of random measurement error. By definition, any changes within this interval 
are likely to be due mostly to random measurement error, instead of to real 
modifications in excitability. 
 
 
Figure 7.8. The same type of data as in Figures 7.6b and 7.7b are displayed, but 
here changes in map volume at the individual level can be tracked over time. Black 
dashed lines represent group changes. a displays Control Group data and b displays 
Immobilisation Group data. 
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Chapter 8 – Discussion 
 
1. Studies 1 & 2
ULI seems to modulate neural plasticity mechanisms in the brain and therefore has 
the potential to be exploited as a means to enhance subsequent motor learning in 
humans. A computer-based motor task was designed to be used in future studies 
testing the ability of an ULI protocol to enhance subsequent motor learning in 
healthy individuals. Two studies were conducted. The aim was to first assess the test-
retest reliability of the task (Study 1) and then characterise its learning (Study 2). 
Study 2 was analysed with traditional inferential statistics (e.g., ANOVA) and with 
estimates of random measurement error (e.g., Standard Error of Measurement – 
SEM) and threshold for true change (e.g., Minimal Detectable Change – MDC95), so 
as to ensure that changes in performance with training indeed reflected true changes 
as opposed to simply random measurement error. 
Overall, the results showed that the task is reliable and promotes motor 
learning with training. Furthermore, a critical finding was that the traditional 
inferential analysis alone identified statistically significant improvements in 
performance over time even when the observed changes could in fact have been 
smaller than the MDC95 and thereby caused mostly by random measurement error, as 
opposed to by motor learning. 
 
1.1. Study 1 (Test–retest) 
According to general guidelines (e.g., (Portney & Watkins, 2015)), the present 
results suggest good test-retest reliability for the computer-based motor task that was 
designed (Table 4.2), which supports its use in future studies. Although performance 
improved slightly from test (Session 1) to retest (Session 2), these differences were 
not statistically significant and represented small effects, and, more importantly, did 
not affect test-retest reliability (Table 4.2). 
Ensuring the test-retest reliability of a task/test not only gives researchers 
more confidence for attributing potential changes in performance scores to an 
experimental manipulation but, critically, it also allows for the estimation of the 
statistics of SEM and MDC95, which in turn can contribute to unravel the likely 
origin of those changes, that is, whether they stem moslty from real modifications in 
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performance or from random measurement error (Beninato & Portney, 2011; Portney 
& Watkins, 2015). 
 
1.2. Study 2 (Motor Learning) 
In motor learning studies, investigators typically assess individuals for their 
performance on a motor task before, during, and after a period of training on the 
same task (e.g., (Abe et al., 2011; Debas et al., 2010; Karni et al., 1995; Pascual-
Leone, Grafman, & Hallett, 1994; Platz, Roschka, Christel, et al., 2012; Platz, 
Roschka, Doppl, et al., 2012; Reis et al., 2009). One of the challenges in such studies 
is to differentiate between real changes in performance and random measurement 
error. The latter corresponds to changes that occur at random in performance scores, 
as opposed to, for instance, changes due to learning. Potential sources of random 
measurement error include, among others: (i) differences in individual factors such 
as level of motivation, fatigue, attention, etc. at different test sessions, (ii) an intrinsic 
variability of the measurement instrument or test employed to measure performance, 
or (iii) a combination of both (Beninato & Portney, 2011; Portney & Watkins, 2015). 
In fact, any measurable change in motor performance is likely to be a compound of 
both real modifications in performance and random measurement error, each 
contributing at varying degrees to the observed change (Beninato & Portney, 2011; 
Portney & Watkins, 2015). 
Research on motor learning and its enhancement in humans is relevant to 
many fields of applied research. It can contribute, for instance, to improve learning in 
sports, music, industry, and medical training (Schmidt & Lee, 2014), and has also 
been extensively linked to sleep research (Landmann et al., 2014). Another relevant 
application includes the optimization of (re)learning in patients undergoing physical 
rehabilitation, for example, after brain damage such as stroke (Buch et al., 2017; 
Censor et al., 2012; Dayan & Cohen, 2011; Krakauer, 2015; Winstein et al., 2014). 
Therefore, given its practical relevance, it seems important that motor learning 
studies provide information not only on the statistical significance and size, but also 
on the likely cause or origin of any reported changes in performance, that is, on the 
contribution of both real modifications in performance and random measurement 
error to the reported changes. 
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While the traditional inferential statistical approaches for examining 
differences in motor performance (e.g., t-tests, ANOVAs, etc.) provide information 
on the statistical significance of a given change in performance scores, they do not 
inform as to the likely cause of that change. One way to address this issue and 
differentiate between real change and random measurement error is through the 
utilisation of the statistics of standard error of measurement (SEM) and minimal 
detectable change (MDC95), both of which are considered best practice in the clinical 
domain and therefore have been widely employed in the clinical literature (Beninato 
& Portney, 2011; Fritz et al., 2009; Portney & Watkins, 2015; Scalzitti, 2014). SEM 
is estimated from the standard deviation of a sample of scores at baseline and from a 
test-retest reliability index of the measurement instrument or test used (see Appendix 
2) (Beninato & Portney, 2011; Portney & Watkins, 2015). The SEM value might be 
considered an estimation of the expected random variation in scores when no real 
change has taken place (Beninato & Portney, 2011; Portney & Watkins, 2015). 
MDC95, in turn, is estimated from SEM and a degree of confidence, usually 95% (see 
Appendix 2) (Beninato & Portney, 2011; Portney & Watkins, 2015). The MDC95 
value might be regarded as the minimum amount of change that needs to be 
observed, at either the group or individual level, for it to be considered a real change 
(Beninato & Portney, 2011; Fritz et al., 2009; Portney & Watkins, 2015), or a change 
to which the contribution of real modifications in performance is likely to be greater 
than the contribution of random measurement error. 
In Study 2, motor learning was assessed through four consecutive short-term 
retention tests administered 24h after completion of the preceding training session. 
Such tests corresponded to the first block of the second, third, fourth, and fifth 
experimental sessions (Figure 4.3). It has been suggested that 24h since the last 
practice session is an adequate minimal interval for the application of retention tests 
and thereby the assessment of motor learning (Kantak & Winstein, 2012). The long-
term retention of motor learning after 5 days/sessions of training on the task was also 
investigated through another retention test which was administered 1 week after the 
last training day/session. This test corresponded to the sixth experimental session 
(Figure 4.3). 
At the group level, according to the traditional inferential analysis of 
difference, for both hits and RT data, motor learning took place as early as after 1 
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day/session of training (Session 1 to 2), with improvements in performance 
increasing with the number of days/sessions of training (Figure 4.4 and Table 4.4). 
The analyses also showed good long-term retention of motor learning 1 week after 
the end of the training period (Figure 4.4 and Table 4.4). However, the analyses 
based on SEM and MDC95 revealed a somewhat different scenario. For instance, 
after 1 day/session of training on the task (Session 1 to 2), both in terms of number of 
hits and RT, the 95% CI of the mean of the differences in performance overlapped 
largely with the interval corresponding to the range of random measurement error, 
that is, the interval spanning between the respective ±MDC95 values (Figure 4.4 and 
Table 4.4). This means that, at that stage, the respective improvements in 
performance could in fact have been caused mostly by random measurement error, as 
opposed to by learning. The scenario remained rather similar as training progressed 
to 2 and 3 days/sessions of training on the task. It was only at the end of the training 
period, i.e., after 4 days/sessions of practice, that the 95% CI of the mean of the 
differences practically did not overlap anymore with the interval corresponding to the 
range of random measurement error – there was no overlap for the hits data and the 
overlap was minimum for RT (Figure 4.4 and Table 4.4). This indicates therefore 
that it was only at that stage (Session 1 to 5) that the respective improvements in 
performance were more likely to reflect real improvements, i.e., to have been caused 
mostly by motor learning, as opposed to by random measurement error. This 
observation is critical as it could be used to inform future studies as to the minimum 
amount of training on the task that would be needed in order to produce robust motor 
learning. For instance, instead of only 1 or 2, or even 3 days/sessions of training, as 
suggested by the traditional inferential analyses alone, adopting a longer training 
regime, e.g., at least 4 days/sessions of practice, would be a more appropriate 
conduct. By doing so, one could then be more confident that motor learning would 
be contributing more than random measurement error to any observed improvements 
in performance. 
This seeming discrepancy between p-value- and MDC95-based analyses 
might be due to the fact that the former does not take into account the random error 
that is associated with the measurement instruments producing the means which in 
turn are compared by the traditional inferential statistical tests, while the latter is 
performed directly from an estimation of the size of that error (see the respective 
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formulas in Appendix 2). Assuming that measures of motor performance and their 
change over time are free from random error, irrespectively of statistical significance, 
is at odds with good research practice and should be avoided. This is a fundamental 
issue for motor learning studies, which typically test for improvements in 
performance scores from pre- to post-training assessments. In order to further 
support the abovementioned findings and arguments, by using the data obtained in 
Study 1, 10 hypothetical motor learning studies were simulated on a freely available 
statistical software (ESCI – Chapters 5 and 6, 2011; see also (Cumming, 2012, 2014) 
for further information on ESCI). Details of how these simulations were performed 
and their results are available in Appendix 2. In short, these simulated studies 
compared performance scores between a pre- and a post-training assessment, and 
they all produced two-tailed p-values < 0.05 for a paired-samples t-test with α = 0.05, 
and effect sizes varying from medium to large (minimum of 0.49 and maximum of 
0.95). Although all simulated studies yielded statistically significant results and 
medium-to-large effect sizes, hence suggesting improvements in performance from 
the pre- to the post-training assessment, i.e., learning, in 9 out of the 10 studies the 
95% CI of the mean of the differences in performance scores overlapped with the 
interval corresponding to the range of random measurement error. In four studies, the 
overlap was total. In only 1 out of the 10 studies the 95% CI of the mean of the 
differences was completely outside (above) the interval of random measurement 
error – this particular result mirrors the aforementioned result for the improvement in 
performance, in terms of number of hits, that took place after 4 days/sessions of 
training on the task (Session 1 to 5). Overall, the results from these simulated studies 
lend strong support to the argument that p-value-based analyses of difference alone 
do not inform as to the likely origin of changes in performance scores, and that even 
improvements in performance which are found to be statistically significant can 
sometimes be due mostly to random measurement error, instead of to motor learning. 
During the analysis of individual data, for both number of hits and RT, from 
1 to 4 days/sessions of training on the task, an increase in the MDC95 proportion was 
observed (60–80%) (Figure 4.5), indicating a motor learning effect for some 
participants at the individual level. Nevertheless, at the end of the training period, 
i.e., after 4 days/sessions of practice, for both hits and RT, that proportion did not 
reach 100%. This was due to the fact that, at that stage, 20% of the participants (3 out 
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of 15) displayed a change in performance which was smaller than the absolute values 
of the MDC95 (Figure 4.5). These participants could be considered “non-learners”, 
as their respective change in performance was likely to have been caused mostly by 
random measurement error, and not by learning. People differ in the way they 
respond to training and although this issue was not formally addressed, it could be 
speculated for instance that such individual differences in learning might have 
emerged from variations in people’s motor ability, which according to Schmidt and 
Lee (2014) may be defined as “a fundamental characteristic of different individuals 
that tends to underlie particular skills; ability is largely inherited genetically and is 
not modifiable by practice” ((Schmidt & Lee, 2014) p. 190). 
Motor training or practice leads to motor learning, that is, to relatively 
permanent or stable improvements in motor performance (Schmidt & Lee, 2014). It 
has been suggested that learning a motor task, including tasks requiring the control of 
tools such as a computer mouse, involves developing and optimizing internal models 
of that task (Wise & Willingham, 2009; Wolpert, Diedrichsen, & Flanagan, 2011; 
Wolpert, Ghahramani, & Flanagan, 2001). Internal models represent sensorimotor 
transformations in the brain, i.e., mappings between motor commands and their 
sensory consequences. Therefore, when learning how to control a device such as a 
computer mouse, individuals develop and optimize mappings between their actions 
on the device and the consequences that are generated, in this case on the computer 
screen (Imamizu et al., 2000; Imamizu & Kawato, 2012). Although this was not 
formally addressed in the present study, these model-based mechanisms could in 
theory explain the learning that most participants exhibited. It is possible though, that 
model-free learning mechanisms, including use-dependent plasticity, operant 
reinforcement and/or success-based exploration might also have played a role 
(Krakauer & Mazzoni, 2011). 
 
2. Study 3 
ULI, by decreasing the excitability of the corresponding CMRs in the contralateral 
motor cortex and promoting a condition of reduced sensorimotor experience or 
disuse, offers a compelling neurobehavioural framework for investigating alternative 
motor rehabilitation strategies for low-functioning upper limb hemiparesis. However, 
there is no consensus in the literature on a possibly ideal immobilisation time for that 
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purpose. Studies have used immobilisation periods ranging from hours, e.g., 8 to 
12h, to days in humans, and to months in animals. Determining a likely optimal time 
of immobilisation is critical to define the true feasibility of an immobilisation-based 
experimental paradigm. The aim of Study 3 was to compare the effects of 3, 6, and 
9h of right ULI on the excitability of the contralateral CMR of a muscle from the 
immobilised hand. Neuronavigated TMS-based motor mapping was performed to 
assess the excitability of the right FDI’s CMR immediately before, after 3, 6, and 9h 
of immobilisation. The test-retest reliability of the TMS-based mapping procedure, 
obtained from a control group, and the statistics of SEM and MDC95 were used to 
examine immobilisation-induced changes in excitability over the 9 hours period. 
No statistically significant differences in excitability/map volume were found 
in the control group after 3, 6, and 9h, when compared to baseline. The estimated 
ICC (2,1) revealed a moderate test-retest reliability (Portney & Watkins, 2015) for 
the TMS-based motor mapping. This demonstrates that the repeated mapping 
procedure adopted provides a relatively stable measure over time. Similar to the 
pattern observed in the control group, no statistically significant differences in 
excitability/map volume were found with 3, 6, or 9h of immobilisation, when 
compared to baseline. While there was numerical variation in the data, all changes 
observed after 3, 6, and 9h of immobilisation were within the range of random 
measurement error, hence not reflecting true changes. Data at the individual level 
corroborated this finding, as no participant displayed a change in excitability/map 
volume equal to or greater than the absolute value of the MDC95, i.e., a true change, 
for any of the three immobilisation times. 
The findings from the control group confirm previous investigations which 
assessed the stability of motor map parameters over time, including map volume. For 
example, Uy et al. (2002) showed that the FDI’s map volume of healthy volunteers 
did not change significantly after 24h, one, and two weeks, when compared to a 
baseline assessment (Uy et al., 2002). The present study is the first to report the 
stability of the same map parameter throughout the day. On the other hand, the 
analysis of individual data revealed not only changes in excitability/map volume at 3, 
6, and 9h, in comparison to baseline, but also great inter-individual variability in the 
same outcome parameter, with some participants displaying increases while others 
showing decreases in excitability/map volume at those three time points (Figure 
93 
 
7.6b). While it is possible that such inter-individual variability in the data reflects 
simply the result of random measurement error, it can also be the case that they 
indeed represent true individual differences in excitability/map volume that emerge 
throughout the day. The latter could be due, for example, to variations among the 
participants in terms of biological factors, including, but not limited to, the amount of 
sensorimotor experience or use with the right upper limb, mostly with the right hand, 
during the time of the study (from 10am to 7pm), and the circadian regulation of 
neuronal activity and plasticity (Huang et al., 2017). These same factors, in 
combination with other influences, such as the experimenter performing the TMS 
assessments, the neuronavigated TMS-based motor mapping procedure itself (Karhu 
et al., 2014; Uy et al., 2002), an intra-assessment physiological oscillation in the 
MEPs’ P-P (Wassermann, 2012), and the high number of TMS pulses delivered at 
consecutive assessments, may have contributed to introduce a relatively high amount 
of random error/noise in the TMS assessments, hence leading to a moderate test-
retest reliability (Portney & Watkins, 2015) for the mapping procedure adopted. 
Interestingly, the findings from the immobilisation group, despite 
corroborating the results from a previous study, which also reported no significant 
changes in excitability after 8 consecutive hours of ULI (Hussain, Darling, & Cole, 
2016), appear to be at odds with the findings from the majority of previously 
published immobilisation studies, which otherwise reported significant decreases in 
excitability after a few hours of immobilisation. For example, Huber et al. (2006) 
found decreased excitability of the left FDI’s CMR in the right motor cortex after 12 
consecutive hours of left ULI, as revealed by reduced motor potentials evoked by 
TMS (Huber et al., 2006). Similarly, Avanzino et al. (2011; 2014) reported decreased 
excitability of the right FDI’s CMR in the left motor cortex after 10 consecutive 
hours of right ULI (Avanzino et al., 2014, 2011). In the same vein, Opie and 
colleagues reported reduced excitability of the left FDI’s CMR in the right motor 
cortex after 8 consecutive hours of left hand immobilisation (Opie, Evans, Ridding, 
& Semmler, 2016). A plausible explanation for this seeming contradiction between 
the latter findings and the present results is that in Study 3 a different approach to 
quantify/measure the excitability of the FDI’s CMR was used. While the 
aforementioned studies recorded MEPs exclusively from the FDI’s hot spot, in the 
present study MEPs were recorded from a wider area of cortex for calculating the 
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volume of the muscle’s CMR, which is arguably a more comprehensive estimate of 
excitability/corticospinal output. With regards to the former, hot spot-focused 
approach, it is possible that the decreases in excitability that were reported by those 
studies were in fact caused by random shifts in the FDI’s hot spot. These shifts could 
have been produced, for example, by spatial and/or temporal variations in the 
strength of the inputs to corticospinal neurons that innervate the FDI muscle (Monfils 
et al., 2005; Ojakangas & Donoghue, 2006; Rioult-Pedotti & Donoghue, 2003) and 
that in turn are activated by TMS (Di Lazzaro & Rothwell, 2014), from a pre- to a 
post-immobilisation assessment, and/or by noise in the neuronavigated TMS-based 
motor mapping procedure itself (Karhu et al., 2014; Uy et al., 2002). It follows then 
that a shift in the position of the muscle’s hot spot, which by definition corresponds 
to the stimulation site producing the greatest MEP response, could lead to an 
underestimation of excitability after immobilisation. Conversely, by 
quantifying/measuring the excitability of a muscle’s CMR through map volume, it is 
possible to overcome this limitation by recording MEPs from a wider area of 
scalp/cortex likely spanning almost the entire CMR of interest, an approach which 
would cancel out the effects of any shifts in the muscle’s hot spot. In order to test this 
hypothesis, a post hoc analysis of the data on the position of the FDI’s hot spot 
during the immobilisation period was performed. Although no significant changes in 
the position of the hot spot along either the X- or Y-axis were found at the group 
level, inspection of individual data revealed shifts in its position along both axes for 
the majority of participants (Figure 8.1). This observation in turn lends support to 
the aforementioned hypothesis. 
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Figure 8.1. This figure illustrates the changes in the position of the right FDI’s hot 
spot along both the X (a) and Y (b) axes during immobilisation. Hot spot position 
along the X-axis remained constant (at coordinate 2) for only 4 out of the 12 
participants (overlapped in the figure), while for the Y-axis, it remained constant (at 
coordinate 2) for only 3 individuals (overlapped in the figure), of whom 2 are 
amongst the former 4 participants. 
 
On a different note, countering the above argument, Bassolino et al. (2014) 
reported a significant reduction in map volume of the right FDI’s CMR after 10 
consecutive hours of right ULI (Bassolino et al., 2014). In this case, a different 
explanation to elucidate the contradiction between this finding and the present results 
could be that the seeming lack of an immobilisation effect found in Study 3 was in 
fact produced by the repeated exposure of the participants’ motor cortex to the TMS 
pulses (250 pulses per assessment). Specifically, the repeated stimulation by the 
TMS pulses might have acted as an unintended counter measure for immobilisation 
effects. This could of course be seen as a methodological limitation inherent to Study 
3’s experimental design, however, it nonetheless offers an interesting prospect. For 
instance, in contrast to the protocol of Bassolino and colleagues (2014), which 
consisted of only two TMS-based motor mapping assessments (pre- and post-
immobilisation) (Bassolino et al., 2014), in Study 3, four consecutive TMS mapping 
assessments were performed (a baseline, immediately before immobilisation, and 
another three consecutive assessments after 3, 6, and 9h of immobilisation), hence 
producing a burst of stimulation every three hours. The TMS pulses delivered to the 
motor cortex for mapping purposes might therefore have countered any 
immobilisation effects induced by movement restriction. Expanding on this latter 
argument, it is likely that the suprathreshold TMS pulses delivered at the 3 and 6h 
assessments, besides directly stimulating the FDI’s CMR, also produced an indirect 
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form of stimulation through activation of muscle spindles from the FDI. For 
example, it is well documented in the literature that spindle afferents project to the 
contralateral motor cortex and that increased activity in this pathway increases the 
levels of activation/excitability of the corticospinal neurons projecting to the same 
muscle from which spindle activity is being generated (Porter & Lemon, 1993). In 
fact, this neuromuscular circuitry forms the neurophysiological basis for using 
sensory/proprioceptive stimulation as a means to increase the excitability of CMRs in 
the contralateral motor cortex, in both healthy individuals and stroke patients 
(Avanzino et al., 2014; Cohen & Conforto, 2014; Hummel et al., 2005; Menezes et 
al., 2017). Thus, direct and indirect stimulation of the contralateral motor 
cortex/corticospinal system, induced by both the TMS pulses themselves and the 
TMS-generated spindle activity, respectively, may have acted as countermeasures to 
the sensorimotor deprivation induced by movement restriction and hence masked any 
immobilisation effects observable after 6 and/or 9 hours of movement restriction. 
These theoretical explanations for the present results need to be empirically 
investigated in due course. 
Similarly to the control group, analysis of individual data from the 
immobilisation group revealed great inter-individual variability in excitability 
changes in response to immobilisation. Although this could result from true 
differences among the participants in terms of their reaction to sensorimotor 
deprivation, the MDC95-based analysis suggests that such inter-individual variability 
is more likely to result from random measurement error in the TMS-based motor 
mapping procedure adopted. This conclusion is supported by the observation that the 
individual changes in excitability/map volume that took place after 3, 6, and 9h of 
immobilisation were all within the interval spanning the ±MDC95 values, which by 
definition corresponds to the interval of random measurement error (Beninato & 
Portney, 2011; Fritz et al., 2009; Furlan & Sterr, 2018; Portney & Watkins, 2015). 
 Finally, other plausible explanations for the present results – i.e., no 
difference between the control and immobilisation groups – could be (i) that the 
participants from the immobilisation group did not fully comply with the 
immobilisation-related instructions that were provided by the experimenter (in that 
case, sporadic movements of the immobilised hand/arm during the experiment could 
have contributed to reverse any immobilisation effects), (ii) that increased levels of 
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attention from the participants from the immobilisation group due to a novel situation 
(hand and arm immobilised) could also have contributed to counter any 
immobilisation effects (for example, it is known that increasing attention to the hand 
from which MEPs are being recorded increases the excitability of the motor 
cortex/corticospinal system, as revealed by increased MEPs (Kleim, 2012)) –, and 
(iii) that the effects of short-term ULI are not robust enough, either because of 
methodological issues, such as lack of an effective immobilisation 
procedure/apparatus, or simply because of a true lack of an immobilisation effect. 
The abovementioned issues have not been properly addressed by 
immobilisation studies but they certainly should be given consideration in any future 
investigations. 
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Chapter 9 – Conclusion and implications 
 
The main goal of this Thesis was to discuss why and how ULI might be exploited as 
a neural plasticity model that is likely to be of great relevance not only to the context 
of motor rehabilitation after stroke, but also to the field of motor learning. Chapter 2 
presented emprirical evidence and theoretical arguments that an ULI-based neural 
plasticity model, by capitalizing on current theories of motor recovery after stroke 
and on the shortage of physical/overt movements, and by modulating neural 
plasticity mechanisms in the brain, offers a compelling neurobehavioural framework 
through which alternative motor rehabilitation strategies for treating upper limb 
hemiparesis can be investigated, and that could also be explored as a means to 
enhance subsequent motor learning in humans. Three empirical studies were 
conducted. Studies 1 and 2 (Chapter 4) aimed at assessing the test-retest reliability 
(Study 1) and characterising the learning (Study 2) of a computer-based motor task 
that was designed to be used in future studies testing the ability of an ULI protocol to 
enhance subsequent motor learning in healthy individuals. An innovative approach 
was adopted for the analysis of the data from these studies. Specifically, the 
traditional inferential statistical analyses of difference (e.g., ANOVA), which are 
commonly employed in studies assessing changes over time, were complemented 
with analyses based on the statistics of SEM and MDC95, which in turn allow for 
differentiating between real changes and random measurement error. Study 3 
(Chapter 7) was conducted in an attempt to determine a likely optimal time/lenght of 
an immobilisation protocol, by comparing the effects of 3, 6, and 9h of right ULI on 
the excitability of a CMR of a muscle from the immobilised hand, as assessed with 
TMS. 
 
1. Studies 1 & 2 
The main findings from these studies were that the motor task that was designed is 
reliable and promotes motor learning with training, which supports its use in future 
studies. Moreover, the traditional inferential statistical analysis of difference alone 
identified statistically significant improvements in performance over time even when 
the observed changes could in fact have been caused mostly by random measurement 
error, as opposed to by motor learning. 
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While extensively acknowledged in the clinical literature (Beninato & 
Portney, 2011; Fritz et al., 2009; Portney & Watkins, 2015; Scalzitti, 2014), the issue 
of differentiating between real changes and random measurement error, and hence 
the use and reporting of statistics such as SEM and MDC95, has not received much 
attention in motor learning and brain plasticity research. Study 2 illustraded the 
applicability of these statistical concepts to the context of motor learning, and how 
their utilisation might contribute to determine the likely cause of changes in 
performance that normally occur in response to training. For instance, the use of the 
MDC95 statistics, which in turn is estimated from SEM, allows for differentiating 
between real modifications in performance and random measurement error. The 
MDC95 value might be regarded as the minimum amount of change that needs to be 
observed, at either the group or individual level, for it to be considered a real change 
(Beninato & Portney, 2011; Fritz et al., 2009; Portney & Watkins, 2015), or a change 
to which the contribution of real modifications in performance is likely to be greater 
than the contribution of random measurement error. 
Measurement instruments, including the ones that are commonly used in 
motor learning and plasticity research, are not free from random error. Finding 
statistically significant differences between consecutive assessments that suggest a 
change in the outcome variable of interest, does not preclude the possibility that such 
differences are being produced mostly by random measurement error, as opposed to 
by real modifications in that variable. Moreover, p-value-based analyses of 
difference (e.g., t-tests, ANOVAs, etc.) tend to focus on group changes, while 
ignoring what is happening at the individual level. Inter-individual variability has 
been a major problem in both the motor learning (Schmidt & Lee, 2014) and the 
brain plasticity arenas (Buch et al., 2017; Huang et al., 2017; Ridding & Ziemann, 
2010). Being able to identify and dissociate “learners” from “non-learners,” or 
“responders” from “non-responders” in the case of plasticity-based investigations, 
might contribute to better elucidate both an intervention’s mechanisms and the 
factors mediating inter-individual differences. As demonstrated in this Thesis, the 
use and reporting of the statistics of SEM and MDC95 might be an interesting 
approach to addressing these issues. 
Thus, motor learning and brain plasticity studies could complement their p-
value-based analyses of difference with statistics such as SEM and MDC95 in order 
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to inform as to the contribution of both real modifications in the variable(s) of 
interest and random measurement error to any reported changes. 
 
2. Study 3 
The main result from this study was that no immobilisation effects were found after 
3, 6, and 9h of right ULI. The excitability of the right FDI’s CMR in the contralateral 
motor cortex did not change significantly with none of the three immobilisation 
times, when compared to baseline. The finding that no depressant effect was found 
not even with 9h of immobilisation is at odds with the majority of previous studies 
on short-term ULI, which otherwise reported significant decreases in excitability 
after 8-12h of movement restriction. However, this conclusion is likely to be 
premature. An alternative explanation for the present findings is that the TMS 
stimulation, which was applied to map the motor cortex, acted as a counter-measure 
to the excitability depression caused by immobilisation. 
A possible solution to the dilemma of comprehensively assessing 
excitability/map volume while minimizing TMS interference with the brain’s 
response to short-term immobilisation could be to adopt faster, alternative motor 
mapping procedures which are performed with much less, and more spatially 
dispersed TMS pulses (Van De Ruit et al., 2015). 
On a different note, the observed variability in the findings from short-term 
(8-12h) ULI studies so far, i.e., change/reduction vs no change in excitability, 
suggests that perhaps current short-term immobilisation protocols may not provide a 
strong enough modulation of the brain’s motor system. A potential solution to this 
problem could be to employ longer immobilisation protocols, comprising days of 
movement restriction (Langer et al., 2012), for example, which is likely to provide a 
stronger experimental manipulation. In this vein, it would be interesting to test the 
constraint-induced movement therapy immobilisation protocol for that purpose 
(Kwakkel, Veerbeek, van Wegen, & Wolf, 2015; Morris, Taub, & Mark, 2006). 
Although this would inevitably be more troublesome than a shorter protocol, it is 
likely that it would overcome to a greater extent any attenuation of the effects of 
immobilisation that could be produced, for instance, by different methodological 
factors, such as stimulation of the motor cortex/corticospinal system by TMS, 
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changes in the levels of attention, and/or sporadic movements with the immobilised 
hand/arm. 
Finally, the posibility that the depressant effects of immobilisation or disuse 
on the motor system might be countered by the procedure of motor mapping with 
TMS sheds light on the hypothesis that TMS-based motor mapping by itself, at least 
in the way this procedure was performed in Study 3, could be used as an intervention 
to increase activity of the motor cortex/corticospinal system. Such intervention in 
turn could prove fruitful, for example, in the context of motor rehabilitation after 
stroke, as it could serve as an alternative motor rehabilitation strategy for treating 
low-functioning upper limb hemiparesis. This hypothesis certainly deserves 
consideration and should be investigated in due course. 
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Chapter 10  – Novelties 
 
The novelties from this Thesis were: 
 
 ¾  Studies 1 and 2 showed that traditional inferential statistical analyses of 
difference (e.g., t-tests, ANOVAs) do not differentiate true changes in the 
outcome variable of interest from changes due to random measurement error. 
Changes that are statistically significant (e.g., when p < .05) might sometimes 
fall within the range of random measurement error and therefore should not 
be regarded as true changes. One way to address this issue is to complement 
p-value-based analyses of difference with analyses based on the statistics of 
Standard Error of Measurement (SEM) and Minimal Detectable Change 
(MDC). The MDC represents a threshold value that needs to be 
achieved/exceeded for a given change to be considered a true change. Neural 
plasticity and motor learning studies, which typically assess changes over 
time, should incorporate statistics such as SEM and MDC into their analyses 
in order to better inform as to the nature/cause of any reported changes. 
 
 ¾  In theory, short-term ULI has the potential to be used as a neural plasticity 
model/protocol that can be exploited within the contexts of stroke 
rehabilitation and motor learning, with the aims of devising alternative 
rehabilitation strategies and enhancing learning in humans, respectively. 
However, as suggested by the findings from Study 3, a number of caveats 
remain to be adressed. For example, the depressant effects of short-term 
immobilisation on the excitability of the contralateral motor 
cortex/corticospinal system might not be robust enough to overcome potential 
methodological issues, such as the stimulation produced by TMS during the 
excitability assessments, the participants’ level of attention during 
immobilisation, and/or their compliance with the immobilisation 
protocol/instructions. These issues must be taken into account by future 
immobilisation studies in order to establish the true value and feasibility of an 
immobilisation-based neural plasticity model/protocol. 
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Abbreviations 
 
 x AO – action observation 
 x CMR – cortical motor representation 
 x FDI – first dorsal interosseous 
 x ICMS – intracortical microstimulation 
 x LTD – long-term depression 
 x LTP – long-term potentiation 
 x MEP – motor evoked potential 
 x MI – motor imagery 
 x NBS – noninvansive brain stimulation 
 x PSS – peripheral somatosensory stimulation 
 x TDCS – transcranial direct current stimulation 
 x TMS – transcranial magnetic stimulation 
 x ULI – upper limb immobilisation 
 
Main Concepts 
 
 x Adaptive neural plasticity: Neural plasticity changes that are associated with 
behavioural improvements. 
 x Excitability of CMRs: Commonly inferred from the amplitude of MEPs that 
are produced by electrical stimulation of the motor cortex, e.g., with TMS. 
 x Maladaptive neural plasticity: Neural plasticity changes that are associated 
with behavioural deterioration.  
 x Motor learning: Relatively permanent or stable improvents in motor 
performance that emerge from training or practice. 
 x Neural plasticity: Any change in neuron structure or function that is observed 
either directly from measures of individual neurons or inferred from measures 
taken across populations of neurons. 
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Appendix 1 
 
Participant number (to be completed by the researcher): ____ 
Please fill out the information below. The information you provide is for 
screening purposes only and will be kept confidential. 
Participant age: ____ 
 
Please, answer the following questions about your handedness using the responses 
listed: 
 
RR = always right 
R = usually right 
RL = either 
L = usually left 
LL = always left 
 
With which hand do you: 
 
Write ____   Draw ____   Throw ____ 
 
Cut using scissors ____ Toothbrush ____  Cut with knife (without 
         fork) ____ 
 
Use a spoon ____  Use a broom/spade (upper hand) ____   
 
Strike a match ____  Open a box (lid) ____ 
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Appendix 2 
 
1) Intraclass Correlation Coefficient (ICC) 
The ICC (2,1) was estimated by SPSS (version 22). Its formula is as follows: 
ICC (2,1) = (BMS – EMS) / ((BMS + (k – 1) x EMS) + (k x (RMS – EMS) / n)) 
Where BMS corresponds to the between-subjects variance, EMS to the error 
variance, RMS to the between sessions variance, k to the number of sessions or 
testing conditions, and n to the sample size. 
 
2) Standard Error of Measurement (SEM) and Minimal Detectable Change (MDC95) 
The SEM was calculated as follows: 
SEM = sbaseline x √(1 – ICC) 
Where sbaseline corresponds to the standard deviation of a baseline session/test. 
 
The MDC95 was calculated as follows: 
MDC95 = SEM x 1.96 x √2 
Where 1.96 corresponds to the level of confidence adopted (in this case, 95%) and 
√2 represents a correction factor for repeated measurements. 
 
-MDC95 < Δ < +MDC95 
Δ = Change due mostly to random measurement error 
-MDC95 > Δ > +MDC95 
Δ = Change due mostly to real modifications in performance, e.g., learning (real 
change) 
 
3) Simulations 
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Ten hypothetical motor learning studies were simulated on a freely available 
statistical software (ESCI - Chapters 5 and 6, 2011; 
http://thenewstatistics.com/itns/esci/esci-for-utns/; see also (Cumming, 2012, 2014) 
for further information on ESCI), in which individuals were assessed for their 
performance before and after a hypothetical period of training. In other words, 10 
“pre- and post-training assessment” studies were simulated. Data from Study 1 were 
used to obtain some statistics for the simulations (Table 1). These included the 
standard deviations of the means from both experimental sessions (SDSession1 and 
SDSession2) and the standard deviation of the mean of the differences between sessions 
(sdiff). In order to run the simulations, these values were used as estimates for the 
corresponding parameters in the population, i.e., to estimate σ (the population’s 
standard deviations of the means, assumed here to be the same for the pre- and post-
training assessments) and σdiff (the population’s standard deviation of the mean of the 
differences). With regards to the population’s means for the pre- and post-training 
assessments (µPre-training and µPost-training, respectively), these values were chosen so as 
to produce a mean of the differences in the population corresponding to a medium-
to-large effect size. To meet that requirement, a value of 5 for the population’s mean 
of the differences was chosen. The sample size for all the 10 simulated studies was 
the same as that from Study 1 (N = 16). After determining all of the aforementioned 
parameters (Table 1), the 10 simulations of motor learning studies were then 
performed on the statistical software. The Figure below displays the output from the 
software for one of the simulations. After simulating the 10 studies and recording 
their results, the statistics of SEM and MDC95 were estimated for each study. For 
each simulated study, for estimating SEM, the standard deviation from the respective 
pre-training assessment and the test-retest reliability index obtained in Study 1, i.e., 
ICC (2,1), were used (Beninato & Portney, 2011; Portney & Watkins, 2015). 
The simulated studies, along with their results and respective SEM and 
MDC95 estimates, are displayed in Table 2. The population parameters that were 
estimated and used for the simulations (Table 1) corresponded to a medium-to-large 
effect size in the population (Cohen’s δ = 0.63, automatically estimated by ESCI). 
All simulated studies produced two-tailed p-values < .05 for a paired-samples t-test 
with α = .05. Effect sizes, as indexed through Cohen’s dunb (unbiased version of 
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Cohen’s d, automatically estimated by ESCI), varied from medium to large 
(minimum of 0.49 and maximum of 0.95). 
Although all simulated studies yielded statistically significant results and 
medium-to-large effect sizes, hence suggesting improvements in performance, i.e., 
learning from the pre- to the post-training assessments, in 9 out of the 10 studies the 
95% confidence interval (CI) of the mean of the differences in performance scores 
overlapped with the interval corresponding to the range of random measurement 
error, that is, the interval spanning between the respective ±MDC95 values. In 4 
studies the overlap was total. In only 1 out of the 10 studies the 95% CI of the mean 
of the differences was completely outside (above) the interval of random 
measurement error. These results show that p-value-based analyses of difference 
alone do not inform as to the likely cause or origin of changes in performance scores, 
and that even improvements in performance which are found to be statistically 
significant can sometimes be due mostly to random measurement error, instead of to 
motor learning. 
 
Table 1. Data used for the simulations. See text for further details. 
Obtained from Study 1 
SDSession1 = 7.59 
SDSession2 = 7.61 
sdiff = 2.94 
Estimated population parameters 
µPre-training = 75 
µPost-training = 80 
σ = 8 
σdiff = 3 
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Figure. Display of the output from ESCI for one of the simulated studies. 
 
Table 2. Characteristics and results from the 10 simulated motor learning studies. 
Red: Studies where the 95% CI of the mean of the differences in performance scores 
between the pre- and post-training assessments overlapped with the interval 
corresponding to the range of random measurement error. Bold red: Studies where 
that overlap was total. Blue: Study where the 95% CI of the mean of the differences 
was completely outside (above) the interval of random measurement error, and 
therefore where the improvement in performance from the pre- to the post-training 
assessment was more likely to have been caused mostly by learning, as opposed to 
by random measurement error. M = Mean; SD = Standard Deviation. 
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Simulated 
Studies 
 
Pre-
training 
Post-
training 
Difference 
Two-
tailed 
p 
dunb SEM MDC95 
Study 
1 
M 75.23 80.75 
5.52, 95% CI 
[3.72, 7.32] < .05 0.63 2.58 7.15 
SD 8.60 8.11 3.37 
Study 
2 
M 79.66 84.97 
5.31, 95% CI 
[3.94, 6.68] < .05 0.64 2.42 6.71 
SD 8.07 7.56 2.57 
Study 
3 
M 73.70 80.44 
6.74, 95% CI 
[5.43, 8.05] < .05 0.95 1.94 5.38 
SD 6.45 7.05 2.45 
Study 
4 
M 72.91 78.78 
5.86, 95%CI 
[4.48, 7.24] < .05 0.84 2.13 5.90 
SD 7.11 6.14 2.58 
Study 
5 
M 74.39 79.16 
4.76, 95% CI 
[3.07, 6.45] < .05 0.56 2.25 6.24 
SD 7.50 8.73 3.17 
Study 
6 
M 75.10 79.15 
4.05, 95% CI 
[2.75, 5.35] < .05 0.62 1.90 5.27 
SD 6.32 6.04 2.44 
Study 
7 
M 72.13 75.97 
3.83, 95% CI 
[1.64, 6.02] < .05 0.50 1.97 5.46 
SD 6.56 7.96 4.11 
Study 
8 
M 78.52 83.61 
5.09, 95% CI 
[3.13, 7.05] < .05 0.56 2.64 7.32 
SD 8.81 8.30 3.67 
Study 
9 
M 71.37 76.05 
4.68, 95% CI 
[3.11, 6.25] < .05 0.54 2.47 6.85 
SD 8.22 8.34 2.94 
Study 
10 
M 73.76 78.69 
4.93, 95% CI 
[3.28, 6.58] < .05 0.49 2.97 8.23 
SD 9.91 9.33 3.10 
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Appendix 3 
 
Participant number (to be completed by the researcher): ____ 
Please answer the following questions. The information you provide is for 
screening purposes only and will be kept confidential. 
 
1. Do you have diabetes or any other medical condition? YES / NO 
If YES, please describe it below: 
____________________________________________________________________ 
 
2. Do you have any psychiatric or neurological condition (e.g., any condition in your 
brain or nerves that affects your sensations and/or muscles/movements)? YES / NO 
If YES, please describe it below: 
 
____________________________________________________________________ 
 
3. Did you suffer any injury (e.g., fracture, sprain, etc) in your right arm and/or hand 
during the past 6 months? YES / NO 
If YES, please describe it below: 
____________________________________________________________________ 
 
4. Have you been experiencing any discomfort or unusual sensations (e.g., mild pain, 
numbness, tingling, etc) in your right arm and/or hand? YES / NO 
If YES, please describe it below: 
____________________________________________________________________ 
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Appendix 4 
 
Participant number (to be completed by the researcher): ____ 
Please answer the following questions. The information you provide is for 
screening purposes only and will be kept confidential. 
 
1. Do you have epilepsy, or have you ever had a convulsion or a seizure (fit)?      
YES / NO 
 
2. Does anyone in your immediate or distant family suffer from epilepsy or seizures? 
YES / NO 
If YES, please state your relationship to the affected family member: 
____________________________________________________________________ 
 
3. Have you ever had a fainting spell or syncope? YES / NO 
If YES, please describe on which occasion(s): 
____________________________________________________________________ 
 
4. Have you ever had a head trauma that was diagnosed as a concussion, or was 
associated with loss of consciousness? YES / NO 
(Researcher: If unsure, use ICD-10 criteria for mTBI diagnosis) 
 
5. Do you have any hearing problems or ringing in your ears? YES / NO 
 
6. Do you have cochlear implants? YES / NO 
 
7. Are you pregnant, or is there any chance that you might be? YES / NO 
 
8. Do you have metal in the brain, skull or elsewhere in your body (e.g. splinters, 
fragments, clips, etc.)? YES / NO 
If YES, please specify the type of metal: 
____________________________________________________________________ 
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9. Do you have an implanted neurostimulator (e.g. DBS [deep brain stimulation], 
epidural/subdural, VNS [vagus nerve stimulation])? YES / NO 
 
10. Do you have a cardiac pacemaker or intracardiac lines? YES / NO 
 
11. Do you have a medication infusion device? YES / NO 
 
12. Are you taking any prescribed or unprescribed medications (or herbal remedies)? 
YES / NO 
If YES, please list: 
____________________________________________________________________ 
 
13. Did you ever undergo TMS or TCS/tDCS in the past? YES / NO 
If YES, were there any problems (state and describe)? YES / NO 
____________________________________________________________________ 
When was the last session? 
____________________________________________________________________ 
How many sessions have you had in the past month? 
____________________________________________________________________ 
How many sessions have you had in the past 12 months? 
____________________________________________________________________ 
 
14. Did you ever undergo MRI [magnetic resonance imaging] in the past? YES / NO 
If YES, were there any problems (state and describe)? YES / NO 
____________________________________________________________________ 
 
15. Have you ever undergone a neurosurgical procedure (including eye surgery)? 
YES / NO 
If YES, please give details: 
____________________________________________________________________ 
 
16. Are you currently undergoing anti-malarial treatment? YES / NO 
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17. Have you used recreational drugs, or drunk alcohol in the last 24 hours?         
YES / NO 
 
18. Did you have very little sleep last night (for example, an hour less than you 
would normally need)? YES / NO 
How many hours’ sleep did you have last night (approx.)? 
____________________________________________________________________ 
 
19. Have you had more than one cup of coffee, or other sources of caffeine, in 
the last hour? YES / NO 
 
20. When was your last meal (hours ago)? 
____________________________________________________________________ 
 
21. How much liquid in total have you drunk already today (glass = 250ml, bottle = 
330ml)? 
____________________________________________________________________ 
 
22. Do you have any metal/electronics on your body (e.g. jewellery, hair clips, 
watch, glasses with metal, wallets, keys, mobile phone)? YES / NO 
 
23. Do you have any skin condition, burn or injury to the scalp or head? YES / NO 
 
I confirm that I have personally completed the above questionnaire. 
 
Name:                                        Signature:                                              Date: 
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Potential barriers and
promising opportunities
for stroke rehabilitation
in Brazil
Dear editor,
The information collated in this letter is
likely to be of great interest to the Inter-
national Journal of Stroke readership, as it
addresses an important aspect of the
global stroke challenge recently presented
in this journal (1).
Rehabilitation after stroke is essential to
soften the disability-related burden of the
disease, but there are several obstacles that
may restrict participation in rehabilita-
tion programs worldwide (1). In Brazil for
example, most of the population has
limited access to stroke rehabilitation (2).
Here, in some underprivileged locations,
barriers such as lack of appropriate trans-
portation and low levels of education
often exclude patients from rehabilitation
services.
After discharge from a community hos-
pital in the city of São Paulo, Brazil, 665
consecutive first-ever stroke patients from
‘The EMMA Study’ (3) were prospectively
ascertained from 2006 to 2010, and more
than 70% were found without rehabilita-
tion (4). These subjects were all residing
in Butantã, a region from the west side of
São Paulo with many poor areas and low
living standards, and most of them had
less than eight years of formal education.
According to the authors, they may have
had very limited access to public transpor-
tation services and probably were not all
routinely assisted in their homes by
primary care unit teams. Besides, it is very
likely that their low level of education
interfered with participation in rehabilita-
tion (4).
Stroke is the leading cause of disability
in Brazil (2). Alternative strategies for
rehabilitation are needed in the country if
the goal of extending the provision of care
to the wider, poorer, and often excluded
stroke population is to be met. Particu-
larly, rehabilitative interventions that
involve relatively low costs, are safe, and
technically simple, hence may be delivered
primarily by carers at the patient’s home
(5), might be a very much promising
opportunity.
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Advances in our understanding of the neural plasticity that occurs after hemiparetic stroke have contributed to the formulation of
theories of poststroke motor recovery. These theories, in turn, have underpinned contemporary motor rehabilitation strategies for
treating motor deficits after stroke, such as upper limb hemiparesis. However, a relative drawback has been that, in general, these
strategies are most compatible with the recovery profiles of relatively high-functioning stroke survivors and therefore do not easily
translate into benefit to those individuals sustaining low-functioning upper limb hemiparesis, who otherwise have poorer residual
function. For these individuals, alternative motor rehabilitation strategies are currently needed. In this paper, we will review upper
limb immobilisation studies that have been conducted with healthy adult humans and animals. Then, we will discuss how the
findings from these studies could inspire the creation of a neural plasticity model that is likely to be of particular relevance to the
context of motor rehabilitation after stroke. For instance, as will be elaborated, such model could contribute to the development
of alternative motor rehabilitation strategies for treating poststroke upper limb hemiparesis. The implications of the findings from
those immobilisation studies for contemporary motor rehabilitation strategies will also be discussed and perspectives for future
research in this arena will be provided as well.
1. Introduction
The human brain changes itself in response to different types
of experience through the reorganisation of its neuronal
connections.This phenomenon is known as neural plasticity.
It is suggested that it involves firstly a short-term modu-
lation in the strength of existing pathways and that, over
time, with prolonged exposure, such modulation might be
followed by more stable, longer-term structural changes in
brain networks [1]. Neural plasticity manifests itself during
brain development [2], motor and perceptual skill learning
[3, 4], and also during/after central nervous system (CNS)
diseases/disorders [5], to name a few. The reorganisation
of neuronal connections in the brain within these and
also other contexts is commonly seen as being beneficial
to the individual. However, neural plasticity can also be
detrimental [6]. When brain changes are associated with
improvements in the individual’s behavioural capacity, neural
plasticity is referred to as being adaptive [7–9]. On the
other hand, when brain changes are linked to behavioural
deterioration, or adverse consequences to the individual,
neural plasticity is referred to as being maladaptive [10, 11].
Thus, it follows from the above that, by identifying neural
plasticity and its behavioural correlates, together with an
understanding of its mechanisms and likely causal factors,
one can develop strategies to enhance adaptive and/or sup-
press maladaptive brain changes in order to improve the
individual’s behavioural capacity [12]. This opportunity for
intervention is of paramount importance to the clinical con-
text of CNS diseases/disorders, wheremany different patterns
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of neural plasticity have been identified, each of which being
associated with either positive or negative behavioural out-
comes [5]. This is particularly true for stroke [5].
Stroke is a major cause of acquired physical disability
in adults worldwide. Motor deficits affecting the upper limb
are a common manifestation of stroke and greatly contribute
to decreasing the individual’s functional performance and
thereby to the level of disability that is achieved [13]. It is
widely appreciated thatmotor rehabilitation after stroke plays
an essential role in reducing the individual’s physical disabil-
ity [14–16]. This paper will focus on the motor rehabilitation
of the paretic upper limb after stroke.
Until about the late 1980s, neurorehabilitation profes-
sionals, despite recognising the importance of motor reha-
bilitation, had a somewhat restricted therapeutic armamen-
tarium for treating stroke-related motor deficits, such as
upper limb hemiparesis [17]. This was in part due to our
relatively limited understanding of the neural mechanisms
underlying motor deficits/recovery after hemiparetic stroke
at that time [18]. By then, neurorehabilitation consisted
mostly in teaching patients compensatory behaviours with
their preserved body functions and/or in the utilisation of so-
called “neurophysiological approaches” that lacked a strong
scientific basis and had their therapeutic efficacy questioned
[19]. Fortunately, from that time onwards, with the advent
of noninvasive neurophysiological and neuroimaging tools
for assessing/altering brain activity/function in humans, and
the increasingly greater utilisation of such tools in stroke
patients, together with major advances in the development
and use of animal models of stroke, the scenario began to
change. For instance, over the past twenty five years or so,
the findings from numerous correlational and experimental
studies conducted with brain injured adult humans and
animals have substantially enlightened our understanding
of the neural plasticity that occurs after hemiparetic stroke
[5, 20–26]. Overall, this progress has contributed to the
formulation of “theories” of motor recovery after stroke. In
short, these theories identify neural plasticity patterns, both
adaptive and maladaptive, and delineate their mechanisms
and likely causal factors, for example, damage to, or activ-
ity changes in, particular brain regions or pathways and
the presence or absence of specific behavioural or neural
signals, to name a few. Such mechanistic understanding of
poststroke motor deficits/recovery has, in turn, allowed for
the theoretical conceptualisation and subsequent develop-
ment of new, science-based motor rehabilitation strategies
to treat upper limb hemiparesis, most of which are still
under investigation [27–30]. In parallel, other strategies
that were being conceptualised and developed from oth-
erwise different, yet complementary scientific perspectives,
for example, behavioural psychology and multidisciplinary
movement science, have found in those neural plasticity-
based theories of motor recovery a strong neuroscientific
support. This has further contributed to the establishment
of these latter strategies as treatment options for poststroke
upper limb hemiparesis [31–34]. In this paper, we will refer to
both these and those previously mentioned newly developed
strategies as “contemporary motor rehabilitation strategies.”
Altogether, this has not only represented a major revolution
in neurorehabilitation but also nurtured a more optimistic
prospect to the field.
1.1. The Problem. Notwithstanding the aforementioned
achievements, several challenges have yet to be addressed
in the arena of poststroke motor rehabilitation research,
and this has consequences to clinical practice worldwide
[35–38]. One of these challenges, for instance, is that, in
general, contemporary motor rehabilitation strategies for
poststroke upper limb hemiparesis are most compatible
with the recovery profiles of relatively high-functioning
stroke survivors and therefore do not easily translate into
benefit to individuals with poorer residual function. This
is often in contrast to the day-to-day scenario of real-
world rehabilitation settings, where many of the patients
in need for motor rehabilitation after a stroke are usually
at closer proximity to the lower end of the spectrum of
functional recovery. This discrepancy may stem from the
fact that most of the investigations performed so far in this
field, particularly the studies testing motor rehabilitation
strategies, have, for several reasons, focused primarily on
well recovered stroke models [39] (but see also [40]). As a
consequence, many stroke survivors, such as those sustaining
low-functioning upper limb hemiparesis, remain with rather
limited rehabilitation options [41].
Therefore, in light of the above, we argue that there is a
need for alternative motor rehabilitation strategies for stroke,
if clinical practice demands are to be met more widely and
effectively. Essentially, these alternative strategies have to
fulfill at least two requirements. First, they should be able to
promote the adaptive neural plasticity pattern(s) currently
identified as instrumental to poststroke motor recovery.
Second, and most critically, their ability to do that must not
be influenced by the individual’s level of residual function.
Importantly, such strategies are likely not only to be more
compatible with the recovery profiles of stroke survivors with
poor residual function, but also to translate into benefit to the
entire spectrum of functional recovery. However, in order
for this to be achieved, models that more closely resemble
a condition of low-functioning upper limb hemiparesis are
required. As will be elaborated in the remainder of this paper,
upper limb immobilisation is a key candidate for this position.
Below,wewill first briefly describe two prevailing theories
of motor recovery after stroke and some of the contemporary
motor rehabilitation strategies for treating poststroke upper
limb hemiparesis that have been largely underpinned by
these theories. This will be followed by an overview of
upper limb immobilisation studies in healthy adult humans
and animals and a discussion as to how the findings from
these studies could inspire the creation of a model that, we
believe, is likely to be of particular relevance to the context
of motor rehabilitation after stroke. Our premise here is
that an upper limb immobilisation model, by capitalising on
both, current theories of motor recovery after stroke and
the shortage of physical or overt movements, which is a
hallmark of low-functioning hemiparesis, offers a compelling
neurobehavioural framework upon which alternative motor
rehabilitation strategies for treating upper limb hemiparesis
can be envisioned, firstly developed and tested in healthy
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individuals, and then ultimately translated into the clinical
context of poststroke motor rehabilitation.
2. Theories of Motor Recovery after Stroke
2.1. Background Information: Cortical Motor Representations,
What They Reflect, and What Drives Their Organisation.
The motor cortex contains representations of body parts
[42, 43]. Throughout this paper, we will refer to such
representations as “cortical motor representations.” These
representations are commonly derived through electrical
stimulation of the precentral cortex in the frontal lobe,
with either noninvasive or invasive techniques, such as
transcranial magnetic stimulation (TMS) and intracortical
microstimulation (ICMS), respectively. While TMS is more
frequently used with humans, ICMS is typically employed
in animal research. The mechanism of action of these two
techniques, when they are used for that purpose, usually
involves the stimulation of axons from local intracortical
circuits that synapse onto corticospinal neurons that then
synapse onto contralateral spinal motor neurons innervating
skeletal muscles, which, in turn, act upon specific body parts.
However, direct activation of corticospinal neurons may also
occur under certain conditions with both TMS and ICMS.
The response to stimulation is then recorded in the periphery
visually, that is, through the visualisation of movement of
the corresponding body part(s), and/or by means of surface
electromyography of the involved muscle(s). Thus, when
derived, cortical motor representations may be considered as
being a measure of both the amount of cortical/corticospinal
tissue that is being dedicated to the motor control of a
particular body part, which can be inferred from the size of
the obtained representation over the cortex or scalp, and the
strength or efficacy of this control at the time of stimulation,
which can be inferred from the intensity of the recorded
response in the periphery.The latter, in turn, usually indicates
the excitability of the cortical/corticospinal components of
the representation that are activated by the stimulation. As
Phillips and Porter (1977) commented on the use of electrical
stimulation for deriving cortical motor representations, “This
leaves us free to concentrate on itsmerits as a tool formapping
the outputs that are available for selection by the intracortical
activities that it cannot itself evoke” (Phillips and Porter
1977, p. 37) ([44], p. 304). In other words, the size and/or
excitability of a cortical motor representation corresponding
to a particular body part can be thought of as reflecting the
individual’s motor capacity/skill with that body part [45].
Contrary to what was once held, cortical motor repre-
sentations are by no means static entities. Instead, numerous
neurophysiological studies performed with TMS and ICMS
on adult humans and animals in the past years have con-
sistently demonstrated that such representations are rather
flexible or dynamic and that one fundamental driver of their
organisation, in terms of both their size and excitability, is
the amount of use or sensorimotor experience with the cor-
responding body part(s). In general, conditions of increased
use or sensorimotor experience that increase activity in the
efferent and/or afferent neural signalling pathways targeting
and/or coming from a particular body part, or parts, for
example, motor skill learning/acquisition and somatosen-
sory stimulation, induce an increase in the size and/or
excitability of the cortical motor representation(s) of the
involved body part(s). This is often accompanied by gains in
motor capacity with the involved body part(s) and therefore
reflects adaptive neural plasticity. Conversely, conditions of
decreased use or sensorimotor experience that decrease or
even cease activity in those pathways, for example, brain or
peripheral nerve lesions, amputation, spinal cord injury, and
ischemic nerve block-mediated local anesthesia, lead to a
decrease in the size and/or excitability of the cortical motor
representation(s) of the affected body part(s). This usually
parallels a reduction inmotor capacity with the affected body
part(s) and therefore reflects maladaptive neural plasticity
[46–49]. There is evidence that these changes in the size
and/or excitability of cortical motor representations, both
adaptive and maladaptive, are mediated by, among other fac-
tors, synaptic strength modification processes, such as long-
term potentiation (LTP) and long-term depression (LTD),
occurring within intracortical circuits in the motor cortex
(see [45, 49] for further details).
2.2. Theories of Poststroke Motor Recovery. Findings collated
from several neurophysiological and neuroimaging investi-
gations performed with brain injured adult humans and ani-
mals have contributed so far to the formulation of at least two
complementary theories of motor recovery after hemiparetic
stroke. In the following sections, wewill refer to these theories
as the “reactivation” and “rebalancing” theories. It might be
worthmentioning that what we call theories here has actually
appeared more frequently in the literature as “concepts,”
“models,” or “neural strategies” for motor recovery, rather
than as theories per se. Also, other names rather than
“reactivation” and “rebalancing” have been more commonly
used. Nevertheless, the underlying principles/mechanisms
have been fully preserved and the terms employed here were
chosen simply for the purposes of this paper.
The “reactivation” theory makes three main assumptions.
First, in the healthy brain, increased use or sensorimotor
experience in the form of motor skill acquisition promotes
adaptive neural plasticity, that is, increases in the size
and/or excitability, of the cortical motor representation(s)
of the involved body part(s). Second, motor deficits after
hemiparetic stroke are due not only to the structural lesion
itself, but, critically, also to maladaptive neural plasticity
occurring in structurally intact, residual brain areas con-
nected to the damaged region(s). Of special interest here
is the adjacent, perilesional tissue surrounding the stroke
core. After the stroke, this region may still contain some
residual cortical/corticospinal components of the cortical
motor representations corresponding to the paretic body
parts. When this is the case, it follows that, over time, these
spared representations often undergo a substantial reduction
in their size and/or excitability. This condition of perilesional
depression is usually the combined result of phenomena that
are initially triggered by the stroke lesion, such as diaschisis
and learned nonuse, and that are subsequently aggravated by
a state of substantially reduced usage of, and hence reduced
sensorimotor experience with, the paretic body parts. Third,
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Figure 1:This figure illustrates the interaction between two prevailing theories ofmotor recovery after stroke, named here as the “reactivation”
and “rebalancing” theories (a), and some of the contemporary motor rehabilitation strategies for treating poststroke upper limb hemiparesis
that have been largely underpinned by these theories (b). Red explosion-like balloon: hemiparetic stroke. Light green circle: depression, that is,
decreased size and/or excitability, of residual cortical motor representations in the adjacent, perilesional tissue.Dark green circle: overactivity
of homologous cortical motor representations in the opposite, undamaged cerebral hemisphere. Light blue arrow: decreased transcallosal
inhibition.Dark blue arrow: increased transcallosal inhibition. Red thin downward arrow: reduced use of the paretic upper limb contralateral
to the stroke side. Black thin upward arrow: increased skilled use of the paretic upper limb through physiotherapy in the form of task-specific
exercises. Red-yellow bolts: adjunctive therapies, such as excitatory and inhibitory brain stimulation (+BS and −BS, resp.) and peripheral
somatosensory stimulation (PSS), to be combined with physiotherapy exercises.White tick upward arrow: increase activity in the ipsilesional
motor cortex.White tick downward arrow: decrease activity in the contralesional motor cortex. See text for further details.
the mechanisms of the above can interact so that after
hemiparetic stroke, increased use or sensorimotor experience
with the paretic body parts in the form of motor skill
(re)acquisition may adaptively modulate perilesional neural
plasticity. Therefore, this theory predicts that, by increasing
use of the paretic body parts in a skill (re)acquisition-like
manner, the cortical motor representations corresponding
to these body parts, which may still have some residual
components available in the perilesional tissue, are reacti-
vated and adaptively stimulated; that is, they increase their
size and/or excitability and thereby improve the individual’s
motor function [50, 51] (see also [20, 52, 53] for further
discussion).
The “rebalancing” theory, on the other hand, suggests
that motor deficits after hemiparetic stroke result, apart
from the structural lesion itself, from an interaction between
depression of the perilesional tissue and further maladaptive
neural plasticity involving both the ipsilesional and the con-
tralesional cerebral hemisphere. For instance, a hemiparetic
stroke, besides selectively disrupting lateralized motor con-
trol networks, often compromises transcallosal circuits that
regulate the interhemispheric interactions between cortical
areas. Of particular relevance here are the inhibitory transcal-
losal circuits that connect the cortical motor representations
in the motor cortex of one hemisphere to those in the
motor cortex of the contralateral hemisphere. The result is
a reduction in the inhibition from the motor cortex of the
stroke-affected hemisphere to the homologous area in the
opposite, unaffected hemisphere. Such disinhibition usually
leads to an abnormally increased activity in the contralesional
motor cortex, which, in turn, causes excessive transcallosal
inhibition from this area towards the homologous region
in the ipsilesional hemisphere. This phenomenon is likely
to be aggravated by a concomitant compensatory increased
use of the less-affected body side, which contributes to
further increasing activity in the contralesional motor cortex.
Overall, it is suggested that such abnormal interhemispheric
inhibition would be superimposed to an already existing
condition of reduced perilesional activation in the affected
hemisphere and that this could, in turn, contribute to a
further decrease in the size and/or excitability of potentially
available residual cortical motor representations in that
hemisphere. Accordingly, this theory predicts that motor
recovery after hemiparetic stroke is facilitated/enhanced if
the interhemispheric interactions between the cortical motor
representations of the two homologous motor cortices are
rebalanced and that this can be achieved by increasing
activity in the ipsilesional and/or decreasing activity in the
contralesional motor cortex [54–56] (see also [20, 21, 57] for
further discussion). The two theories of motor recovery are
illustrated in Figure 1(a).
3. Contemporary Motor
Rehabilitation Strategies for Poststroke
Upper Limb Hemiparesis
Overall, those two aforementioned theories of motor recov-
ery currently form the neuroscientific basis of contempo-
rary motor rehabilitation strategies for treating upper limb
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hemiparesis after stroke. These strategies might be broadly
grouped into two complementary categories of interventions.
The first category is primarily supported by the “reactivation”
theory and currently constitutes the central pillar of modern
neurorehabilitation.This category aims to increase skilled use
of the paretic upper limb in order to reactivate and adaptively
stimulate, that is, increase the size and/or excitability of,
likely latent cortical motor representations in the damaged
cerebral hemisphere. It consists mostly of physiotherapy
exercises that are performed with the paretic upper limb
and that are delivered in the form of repetitive and increas-
ingly challenging task-specific exercises directed towards the
(re)acquisition ofmotor skills [58, 59].The second category of
interventions, on the other hand, is based on both theories of
motor recovery, but particularly on the “rebalancing” theory.
This category aims to boost the effects of physiotherapy
exercises through the use of adjunctive therapies that have
the potential to rebalance the interhemispheric interactions
between the two homologous motor cortices and that can be
delivered in combination with task-specific practice. These
adjunctive therapies include, but are not limited to, excitatory
and inhibitory brain stimulation (+BS and −BS, resp.) [60–
70] and peripheral somatosensory stimulation (PSS) [71–
75]. The standard approach here is to deliver +BS to the
ipsilesional motor cortex to increase its activity and/or −BS
to the contralesional motor cortex to decrease its activity. In
the case of PSS, the stimuli, which typically consist of low-
intensity electric currents, are delivered transcutaneously
to the paretic body part(s) in order to increase activity of
the contralateral, ipsilesional motor cortex. These adjunctive
therapies can be used either separately or in combination
with each other. For instance, task-specific exercises can be
coupled with both BS and PSS in order to further potentiate
practice-induced adaptive neural plasticity (e.g., see [76]).
Despite their promise, it is worth noting that these, and also
other adjunctive therapies, are still under investigation and
therefore are not yet widely used in clinical practice. The two
categories of interventions are illustrated in Figure 1(b).
As can be noted, contemporary motor rehabilitation
strategies for treating poststroke upper limb hemiparesis
are centered in the physical/overt practice of motor tasks.
Individuals are required to have a level of residual function
that will ultimately allow them not only to actively engage
with repetitive task practice, but also to perform increasingly
difficult exercises [58, 59]. Therefore, while these rehabili-
tation strategies may undoubtedly translate into benefit for
some stroke survivors, their overreliance on the availability
of relatively high levels of residual function to overcomemal-
adaptive and/or promote adaptive neural plasticity, that is, to
promote motor recovery, represents a major obstacle. This is
particularly true for individuals sustaining low-functioning
upper limb hemiparesis who, due to poor residual function,
cannot effectively engage with the physical practice of motor
tasks in the way that is needed to promote the adaptive
neural plasticity driving functional improvements. For these
individuals, overt practice-based rehabilitation strategies are
of very limited value. At this point, it is worth clarifying that a
condition of poor residual function after a hemiparetic stroke,
that is, low-functioning hemiparesis, at least in the way this
concept is used in this paper, does not necessarily imply a
severe neurological lesion completely destroying the cortical
and/or corticospinal components of the cortical motor rep-
resentations corresponding to the paretic body parts. While
it stands to reason that such a severe lesion would result in
poor residual function, the occurrence of the former is not
a sine qua non for the presence of the latter. This is because
many factors can influence/determine the level of residual
function that is expressed by an individual after a hemiparetic
stroke. For instance, it is well recognised that patients often
experience substantial cardiorespiratory and skeletal muscle
deconditioning after a hemiparetic stroke [77, 78]. As we
have discussed elsewhere (e.g., see [79]), such deconditioning
status, in turn, might greatly contribute to increasing their
fatigue levels. Altogether, this can critically decrease the
individual’s physical capacity and ability to actively engage
with the repetitive overt practice of progressive motor tasks,
hence contributing to a low-functioning profile. Moreover,
as already mentioned in the previous section, the motor
deficits and hence the level of residual function that is shown
by an individual after a hemiparetic stroke are currently
thought to be largely influenced by maladaptive neural plas-
ticity patterns occurring in structurally intact, residual brain
areas/networks that were otherwise spared by the lesion.
Therefore, amore holistic view here would be that a condition
of low-functioning hemiparesis after stroke likely results from
a complex interaction among different compromised body
systems, instead of simply from the more direct effects of
the neural damage, that is, the selective destruction of motor
control pathways in the brain.
Thus, as suggested earlier in this paper, alternative motor
rehabilitation strategies for stroke are currently needed.
Essentially, in order to overcome the present obstacle, these
alternative strategies must not rely on the individual’s level
of residual function to move from a state of maladaptive
to one of adaptive neural plasticity, which may eventually
translate into improved motor function. As will be discussed
henceforth, an upper limb immobilisationmodelmight be an
attractive framework for developing such strategies.
4. Upper Limb Immobilisation and Neural
Plasticity: What Do Human and Animal
Studies Tell Us?
Given the fundamental role of use or sensorimotor experi-
ence in shaping cortical motor representations and thereby
the individual’s motor capacity/skill with the correspond-
ing body part(s) (see Section 2.1), studies have started to
investigate upper limb immobilisation as a paradigm of
disuse or sensorimotor deprivation. In such studies, the entire
upper limb, or part of it, is prevented to move by means
of a bandage, splint, cast, and/or sling, either because of
trauma or simply for experimental purposes. Particularly,
these investigations have focused not only on the neural but
also on the behavioural effects of immobilisation.
For example, in a classical study, Huber et al. (2006)
immobilised the left arm and hand of healthy participants for
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12 consecutive hours to explore the effects of sensorimotor
deprivation on sensorimotor cortex activity, motor perfor-
mance, and sleep slow wave activity (SWA). After the immo-
bilisation, the authors found a substantial decrease in neu-
ronal activity in the hand representation of the right sensory
and motor cortices, as revealed by reduced somatosensory
and motor potentials evoked through peripheral nerve stim-
ulation and TMS, respectively. At the same time, the motor
performance of the immobilised arm and hand had deterio-
rated, as indicated by an increase in hand-path area variability
while individuals were reaching toward targets placed in front
of them. Also, after immobilisation, there was a localised
decrease in sleep SWA over the right sensorimotor cortex,
which was detected through electroencephalography during
subsequent sleep. Of note, a positive correlation was found
between the changes in motor performance and the changes
in both somatosensory evoked potentials and sleep SWA
[80]. Subsequent studies have revealed comparable findings
regarding the behavioural effects of immobilisation. In one
of these studies, healthy participants had their upper limb
immobilised for either 6 or 12 consecutive hours. It was found
that after 12 but not 6 hours of immobilisation, motor control
of the restricted limb was impaired, which was expressed
through abnormalities in both hand trajectories and inter-
joint coordination during reaching movements [81]. Sim-
ilarly, in a different study, healthy individuals displayed
altered motor performance in a reach-to-grasp task after 10
hours of continuous arm and hand immobilisation. Here, the
transport phase of the reach-to-graspmovementwas affected,
in a way that reaching was slower and its peak velocity
time was achieved earlier. An interesting finding from this
study was that motor performance on the reach-to-grasp task
quickly returned to baseline levels with only a few trials of
practice after the immobilisation had been removed [82].
By employing the same immobilisation protocol from
the latter study above, Avanzino et al. (2011) explored with
TMS the effect of upper limb disuse on the interhemispheric
interactions between the two homologous motor cortices.
Additionally, they investigated whether this effect was mod-
ulated by the amount of use of the nonimmobilised limb.
The study consisted of two groups. In one group, participants
received no instructions regarding the amount of use of
the nonimmobilised arm and hand, “free to move” group,
whereas, in the other group, volunteers were instructed to
limit contralateral movements, “limited movement” group.
After the 10 consecutive hours of right arm and hand
immobilisation, both groups showed decreased excitability
of the hand representation in the left motor cortex and
reduced interhemispheric inhibition from the left to the right
hand cortical motor representation, with the latter effect
being more pronounced in the “free to move” group. Of
note, the excitability of the hand representation in the right
motor cortex, as well as the interhemispheric inhibition from
the right to the left hand cortical motor representation,
increased only in the group that was free to move the left,
nonimmobilised arm and hand [83].
In keeping with these latter findings, a longitudinal
neuroimaging study by Langer et al. (2012) reported bilat-
eral structural changes in the sensorimotor cortex and
corticospinal tract of immobilised individuals recovering
from upper limb fractures. After an average of 16 days
of right arm and hand immobilisation, cortical thickness
and fractional anisotropy (FA) were reduced in the hand
representation of the left sensory andmotor cortices and over
the left corticospinal tract, respectively. In addition, motor
abilities with the left arm and hand improved throughout
the restriction period, presumably as a consequence of an
increased use in order to compensate for the immobilisa-
tion of the contralateral limb. Interestingly, this behavioural
change was associated with an increase in both cortical
thickness and FA of the right motor cortex and corticospinal
tract, respectively, and with a decrease in cortical thickness
over the left sensorimotor cortex [84].
In another longitudinal study, in this case conducted
with healthy adult monkeys, Milliken and colleagues (2013)
investigated the effect of distal forelimb immobilisation on
the somatotopic organisation of the corresponding cortical
motor representation. Here, immobilisation periods varied
from 38 to 248 days. Detailed cortical motor representations
of the distal forelimb of the animals were obtained through
ICMS techniques before, during, and after the immobili-
sation intervals. The authors found a progressive decrease
in the size of the representation of the digits together with
an equivalent increase in the size of the representation of
more proximal limb parts, such as wrist and forearm. These
changes were paralleled by a reduction in general/skilled use
of the digits, which, in turn, was followed by a concomitant
increase in the use of more proximal limb parts. In general,
those cortical changes were reversed to baseline levels after
removal of the immobilisation during a period of behavioural
recovery,when the animals regained general/skilled use of the
digits, either spontaneously or through forced use [85].
Complementing the above findings, Rosenkranz et al.
(2014), by recording a variety of TMS-derived measures,
recently showed that upper limb immobilisation, besides
decreasing the excitability and/or size of the corresponding
cortical motor representations in the contralateral motor
cortex, also selectively alters neural plasticity and intracorti-
cal inhibition mechanisms within the same representations.
Specifically, the authors showed that, after 8 consecutive
hours of left hand immobilisation, individuals displayed
increased responsiveness to paired associative stimulation
(PAS) protocols, which are thought to induce long-term
potentiation- (LTP-) like and long-term depression- (LTD-)
like processes. In other words, both LTP and LTD were
facilitated in the hand representation of the contralateral right
motor cortex after immobilisation, presumably reflecting
homeostatic adjustments that operate to increase the sensi-
tivity of corticospinal neurons to available synaptic inputs
and thereby prevent too much of a decrease in motor output
capacity. In addition, after immobilisation, short-interval
intracortical inhibition (SICI) was reduced in the hand
representation of the right motor cortex, and this change
was negatively correlated with the changes in excitability over
this cortical area. Again, this is likely to reflect compensatory
adjustments that act during/after immobilisation to maintain
overall motor cortex excitability within a certain range.
Finally, a correlation was also found between the reduction
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in the excitability of the hand representation over the right
motor cortex and the strength of the effect of the PAS proto-
cols. This correlation was positive for the LTP-inducing and
negative for the LTD-inducing protocol [86]. The findings
from this study, particularly those regarding the changes in
neural plasticity and intracortical inhibition mechanisms,
might explain, at least in part, the somatotopic reorganisation
of cortical motor representations that usually occurs with
upper limb immobilisation [86], such as that observed in the
monkeys from the study mentioned previously [85].
Interestingly, the neural and behavioural effects that have
been reported in immobilisation studies are, to a large extent,
similar to those effects reported in investigations employing
ischemic nerve block-mediated local anaesthesia, both in
healthy individuals and after stroke [87–90]. This similarity
emphasises the role of the presence/level of activity in the
afferent and efferent neural signalling pathways associated
with a particular body part in determining the size and/or
excitability of its representation in the motor cortex and
thereby the individual’s motor capacity/skill with it. This
observation, in turn, further corroborates the “reactivation”
theory that was described previously in this paper (see
Section 2.2).
In summary, the studies reviewed in this section provide
evidence that upper limb immobilisation
(i) impairs motor performance with the restricted body
part(s), even after short periods of restriction ranging
from 10 to 12 hours, an effect that is largely reversible;
(ii) induces maladaptive neural plasticity of the cortical
motor representation(s) of the immobilised body
part(s), which expresses itself in the form of motor
behaviour deterioration, and which may vary from
a simple reduction in the size and/or excitability of
the involved representation(s) to structural changes
in the cortical and corticospinal components of the
same representation(s), depending on the duration of
the immobilisation;
(iii) affects the interhemispheric balance between the two
homologous motor cortices in favour of the corti-
cal motor representation(s) from the cerebral hemi-
sphere ipsilateral to the immobilised body part(s),
an effect that seems to be largely modulated by the
amount of use of the contralateral, nonimmobilised
limb;
(iv) modulates neural plasticity and intracortical inhibi-
tion mechanisms within the cortical motor repre-
sentation(s) of the restricted body part(s), a process
which is likely to be responsible for the maladaptive
neural plasticity of the involved representation(s).
More specifically, such modulation occurs in a direc-
tion that appears to be predicted by the amount of
depression that is induced by the restriction in the
involved representation(s); for example, the larger
the decrease in excitability, the greater the sensitiv-
ity of the representation(s) to subsequent LTP-like
processes (with the opposite being true for LTD-
like processes) and the smaller the reduction in SICI
within the same representation(s).
5. Upper Limb Immobilisation as a Model
for Developing Alternative Motor
Rehabilitation Strategies for Poststroke
Upper Limb Hemiparesis
The proposal presented in this paper is that an upper limb
immobilisation model offers a compelling neurobehavioural
framework for developing alternative motor rehabilitation
strategies for treating upper limb hemiparesis after stroke.
As summarized previously, the neural effects of upper limb
immobilisation are, to a large extent, similar to the mal-
adaptive neural plasticity patterns that are often seen after
hemiparetic stroke and that underpin current theories of
motor recovery. To briefly recall, those effects involve both
a reduction in the size and/or excitability of the cortical
motor representation(s) corresponding to the immobilised
body part(s) and changes in interhemispheric balance, with
increased activity biased towards the cortical motor repre-
sentation(s) from the cerebral hemisphere ipsilateral to the
restricted limb. Indeed, in terms of maladaptive neural plas-
ticity patterns, an upper limb immobilisation model largely
resembles a hemiparetic stroke model, except of course for
the absence of a true lesion (Figure 2(a)).
But if this is to be true, then what could be the advantages
of using an upper limb immobilisation model as a stroke-
like model for developing alternative motor rehabilitation
strategies for upper limb hemiparesis, in place of currently
used models (see Section 1.1)? Here, we argue that, besides
inducing the maladaptive neural plasticity patterns that
usually occur after a hemiparetic stroke and that are currently
thought to play an important role in mediating the individ-
ual’s motor deficits, the upper limb immobilisation model
essentially promotes a condition of rather decreased, if any,
overt use or sensorimotor experience, which in fact charac-
terizes the restriction paradigms themselves. Such condition,
in turn, is much more compatible with the recovery profiles
of individuals with poor residual function. Thus, an upper
limb immobilisation-based stroke-like model, in comparison
to currentmodels, more closely resembles a condition of low-
functioning upper limb hemiparesis.
Importantly, within this context, if during a paradigm of
upper limb immobilisation in healthy individuals interven-
tions could be delivered in order to prevent the maladaptive
neural plasticity that is induced by movement restriction,
because these interventions would necessarily have to bypass
overt movement execution, they could translate into alter-
native motor rehabilitation strategies for poststroke upper
limb hemiparesis with a greater potential for benefiting those
with poor residual function. Here, it is at least theoretically
plausible that such interventions would be able to promote,
for example, in low-functioning stroke survivors, the adaptive
neural plasticity patterns currently identified as instrumental
to poststroke motor recovery (see the “reactivation” and
“rebalancing” theories in Section 2.2). Furthermore, the
behavioural effects of immobilisation would also be of value
to this context. For instance, it would be the case that
interventions under investigation could aim to prevent not
only the induction of maladaptive neural plasticity but also
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Figure 2: (a) highlights the similarity between the maladaptive neural plasticity patterns that often occur after a hemiparetic stroke and
that are currently thought to play an important role in mediating the individual’s motor deficits (see Figure 1(a) for comparison) and the
neural plasticity patterns that are induced by upper limb immobilisation (red crossed circle) in otherwise healthy individuals. Light green
circle: depression, that is, decreased size and/or excitability, of the cortical motor representation(s) corresponding to the immobilised body
part(s). Dark green circle: overactivity of the homologous cortical motor representation(s) in the opposite cerebral hemisphere. Light blue
arrow: decreased transcallosal inhibition. Dark blue arrow: increased transcallosal inhibition. (b) indicates potential interventions that could
be delivered during a paradigm of upper limb immobilisation in healthy individuals in order to prevent maladaptive or promote adaptive
neural plasticity in themotor system.These interventionsmight include, for instance, covertmotor strategies, such as action observation (AO)
and (likely) motor imagery (MI) (red-yellow balloon), and adjunctive therapies, such as excitatory and inhibitory brain stimulation (+BS and
−BS, resp.) and peripheral somatosensory stimulation (PSS) (red-yellow bolts).White tick upward arrow: increase activity in the motor cortex
contralateral to the immobilisation. White tick downward arrow: decrease activity in the motor cortex ipsilateral to the immobilisation. The
idea here is that this might contribute to the development of alternative motor rehabilitation strategies for treating poststroke upper limb
hemiparesis. See text for further details.
the deterioration of overt motor performance, which has
also been a reported effect of immobilisation early after its
removal (see beginning of Section 4).
5.1. Preventing Maladaptive/Promoting Adaptive Neural Plas-
ticity during Upper Limb Immobilisation. Besides focusing
on the neural and behavioural effects of upper limb immo-
bilisation, recent studies have also started to explore how
it can be used as a model of maladaptive neural plasticity
upon which it is possible to test interventions that aim to
prevent this neural plasticity from occurring. Specifically,
researchers have employed upper limb immobilisation firstly
to induce a depression, that is, a decrease in the size and/or
excitability, of the cortical motor representation(s) of the
restricted body part(s) and/or an interhemispheric imbal-
ance between homologous representations in favour of the
representation(s) ipsilateral to the immobilised body part(s).
Then, theywould try to prevent these changes fromoccurring
through the concomitant delivery of interventions that are
thought to have the potential to activate and adaptively
stimulate cortical motor representations in the absence of
overt use or sensorimotor experience with the correspond-
ing body part(s). Below, we will review these studies and
interventions within the context of motor rehabilitation after
stroke.
5.1.1. Background Information: Covert Motor Strategies and
Their Infusion into Poststroke Motor Rehabilitation. Covert
motor strategies might also be referred to as cognitive motor
strategies. They include, for example, motor imagery (MI)
and action observation (AO). These strategies are referred
to as “covert motor” strategies because of their intrinsic
ability to activate the motor system of the brain without the
overt execution of movements. As suggested by Sharma et al.
(2006), they may achieve that through the “backdoor” of the
brain’s motor system [91].
Theoretical support for MI and AO as covert motor
strategies comesmostly from the “SimulationTheory,” which
was proposed by Jeannerod almost fifteen years ago. Accord-
ing to this theory, the brain’s motor system, including its
cortical motor representations in the motor cortex, is part
of a simulation network that is activated not only when
we move, but also when we imagine ourselves or observe
others moving. In this vein, the theory proposes that the
neural substrate that is activated for the overt execution of
a movement or action is, to a large extent, also activated
by the imagination or observation of that same movement
or action [92]. Studies from our group and several others
performed with healthy participants have provided strong
empirical support for the “SimulationTheory,” by showing an
extensive overlap in neural activation between conditions of
overt execution and conditions of imagination or observation
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of movements, and this includes activation of the cortical
motor representation(s) of the involved body part(s) [93–
98]. In addition, we have also shown that this overlap
in neural activity does not remain confined to the motor
execution domain but also occurs, for example, between
movement preparation and MI [99, 100]. This equivalence in
neural activation between movement preparation/execution
and MI/AO is thought to account for the improvements in
overt motor performance that are commonly seen in healthy
individuals after MI/AO training [94, 101, 102]. For example,
in a classical study, Pascual-Leone and colleagues (1995)
showed that MI training alone, in comparison to physical
practice, also led to significant improvements in the overt
performance of a fine motor skill with the hand. Moreover,
the same neural effects that were induced by physical practice
were also found in the individuals undergoing only MI
training. In both conditions, there was an increase in the
size and excitability of the cortical motor representation of
the trained hand [102]. Importantly, the findings from this
study demonstrate not only that MI on its own can activate
the cortical motor representation(s) of the involved body
part(s) but, more critically, that MI training can lead to
adaptive stimulation of such representation(s). This adaptive
stimulation, in turn, translates into improved overt motor
performance with the involved body part(s).
Overall, the above findings have spurred the infusion
of MI and AO into neurorehabilitation, particularly into
the context of poststroke motor rehabilitation [103–105].
Essentially, the underlying assumption here is that MI or AO
training can reactivate and adaptively stimulate potentially
spared cortical motor representations in the stroke-affected
hemisphere. This, in turn, would contribute to increasing
activity in the ipsilesionalmotor cortex and thereby rebalance
the interhemispheric interactions between this cortical area
and the homologous region in the contralateral, unaffected
hemisphere. Collectively, this would contribute to improve-
ment of the individual’s motor function [91, 106–108] (see
the “reactivation” and “rebalancing” theories in Section 2.2).
Interestingly, studies by our group and others have shown that
the aforementioned similarity reported in healthy individuals
between overt movement and MI/AO, in terms of both the
neural substrate that is activated and the ability of both overt
movement and MI/AO to induce improvements in overt
motor performance after training, is largely preserved in
individuals after hemiparetic stroke [109–113]. Because MI
and AO do not rely on overt movement execution to activate
and adaptively stimulate cortical motor representations, they
represent rather promising alternative motor rehabilitation
strategies for individuals that have poor residual function
after stroke and that therefore cannot effectively engage with
the overt practice of physically demanding motor tasks. In
this case, individuals can make use of such strategies to
initiate motor recovery, for instance, during the beginning of
their rehabilitation, while they gradually build up their phys-
ical capacity with progressive cardiorespiratory and muscle
strengthening/endurance exercises [77, 78], or simply up to
a point where they are able to fully participate in overt task-
specific training. Furthermore, from this point onwards, and
for those who already have higher levels of residual function
at the beginning of their rehabilitation,MI- and/or AO-based
strategies might be used as complementary interventions to
be combined with overt task-specific exercises in order to
potentiate motor gains [114].
Thus, it follows that covert practice-based alternative
motor rehabilitation strategies for stroke, in comparison to
overt practice-based strategies, are more compatible with
the wider spectrum of functional recovery and therefore
are likely to benefit a larger group of stroke survivors.
Nevertheless, despite being promising, research in this arena
is still in its infancy andmore studies are needed before sound
recommendations regarding the use of covert motor strate-
gies such as MI and AO as motor rehabilitation strategies for
stroke can be made to effectively inform clinical practice.
5.1.2. Covert Motor Strategies during Upper Limb Immobilisa-
tion. In light of the aforementioned, researchers have started
to investigate how the brain mechanisms of MI and AO
interact with the effects of upper limb immobilisation.
In one study, Bassolino and colleagues (2013) immo-
bilised the upper limb of healthy participants for 10 consec-
utive hours. During this time, individuals were instructed
to imagine, with their eyes closed, reach-to-grasp move-
ments being performed with their restrained arm and hand,
“MI group,” observe the same actions through a computer
screen, “AO group,” or watch a nature documentary with
no human actions, “control group.” The size and excitability
of the cortical motor representation corresponding to the
immobilised hand were assessed with TMS one day before
and immediately after removal of the immobilisation. In the
control group, both the size and excitability of the cortical
motor representation of the restrained hand were reduced
after immobilisation. This finding is in line with the findings
from the other immobilisation studies already described
earlier in this paper (see Section 4). In the MI group,
similar changes were reported. However, in the AO group, no
substantial changes were noted. Here, the excitability of the
cortical motor representation of the immobilised hand was
higher than in the other two groups after immobilisation, and
its size remained similar to what was observed in all the three
groups before immobilisation [115].
Regarding the behavioural effects of immobilisation, it
was recently suggested that they might be attenuated by MI
practice before removal of the restriction. In one study, indi-
viduals had their left hand immobilised for 24 consecutive
hours. After removal of the immobilisation, participants were
assessed on a hand recognition task, where their goal was to
identify, as quickly as possible, whether a hand displayed on a
computer screen corresponded to a left or right hand. Those
who did not practice MI during immobilisation showed
slower response times in the task, particularly for left hand
stimuli [116]. It is not known, however, if this modulation of
task performance by MI practice was mediated by changes at
the level of the cortical motor representation corresponding
to the immobilised hand. In addition, whether the gains in
performance on the hand recognition/reaction task reported
in this study extrapolate to the domain of overt motor
performance also remains unknown.
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In retrospect, the finding from the study by Bassolino et
al., that MI training was inefficient in adaptively stimulating
the cortical motor representation of the immobilised hand
[115], appears to be not only in relative dissonance with the
finding from others, who have otherwise reported adaptive
neural plasticity of cortical motor representations with MI
training (e.g., see [102] in Section 5.1.1), but also in contra-
diction to Jeannerod’s “Simulation Theory,” which predicts
adaptive stimulation of cortical motor representations with
MI training [92]. A possible explanation for this contradic-
tion, which was indeed acknowledged by Bassolino et al.,
might be that the effects of MI on the motor system, particu-
larly in terms of stimulating cortical motor representations,
are influenced by the “state,” that is, the posture, position,
and/or history of mobility, of the body parts corresponding
to these representations during the imagination process. For
instance, studies have shown that if the current state, in
this case the posture, of a body part is congruent with the
movements/actions being imagined, the size and excitability
of the corresponding cortical motor representation increase
to a greater extent than when the state is incongruent
[117, 118]. This suggests that the afferent, proprioceptive
information coming from the body part(s) involved in the
imagined movements/actions may play an important role
in modulating the effects of MI on the corresponding cor-
tical motor representation(s). Therefore, according to this
perspective, the immobilisation of the upper limb in the
study by Bassolino et al., by maintaining the hand both in
a relatively antagonistic posture and immobile for several
hours, that is, in a state which was rather incongruent with
the imagined reach-to-graspmovements/actions, would have
compromised the effects of MI on the corresponding cortical
motor representation [115]. If this is indeed the case, it would
have important implications for the use of MI in the context
of motor rehabilitation after stroke, especially in cases of low-
functioning upper limb hemiparesis. Here, MI training is
generally used with the underlying assumption that it can
adaptively stimulate cortical motor representations in the
damaged cerebral hemisphere and that this might translate
into improved motor function (see Section 5.1.1). However,
in this context, the state of the patient’s paretic upper limb is
sometimes largely incongruent with the movements/actions
that are usually imagined duringMI training, which basically
consists of the mental rehearsal of functional movements
of the patient’s daily living, such as reaching and grasping
(see [103] for a review). Not infrequently, the paretic upper
limb is found in a state that is characterised by both, a
relative immobility or lack of overt voluntary movement
and a spastic posture with varying degrees of sustained
flexion at the fingers, wrist, and elbow. Such state, in turn,
by providing the brain with reduced and/or incompatible
proprioceptive information, could decrease or mask the
potential of MI as a rehabilitation strategy. In keeping with
this hypothesis, Liepert and colleagues (2012) showed that
MI of paretic hand movements increased the excitability of
the corresponding cortical motor representation in stroke
patients with somatosensory deficits to a much lesser degree
than in patients with pure motor hemiparesis [119]. Overall,
this seemingly important influence of the current state of
the body part(s) on the effects of MI on the corresponding
cortical motor representation(s) could explain, at least in
part, the relative inconsistency in the results from recent
clinical trials of MI training after stroke (see [103, 108] for
reviews). Thus, given its theoretical and clinical implications,
the interaction between the effects of bothMI and upper limb
immobilisation on the involved cortical motor representa-
tions should be investigated in more detail.
We believe the upper limb immobilisation model pro-
vides a compelling neurobehavioural framework for explor-
ing covert motor strategies, such as MI and AO, within the
context of poststroke motor rehabilitation. This is because
upper limb immobilisation not only mimics the maladaptive
neural plasticity patterns that are believed to contribute to
the motor deficits shown by an individual after a hemiparetic
stroke but, critically, also consists of a disease-free model of
compromised brain function. Here, covert motor strategies
can be investigated in healthy individuals for their potential to
adaptively stimulate cortical motor representations, within a
context of “stroke-like”maladaptive neural plasticity, without
the influence of lesion-related confounding factors that oth-
erwise are inevitably present in disease-based models. This
opportunity, in turn, might greatly contribute to sharpening
themechanistic understanding of these strategies and thereby
improve their translation to the clinical context of poststroke
motor rehabilitation.
5.1.3. The Use of Adjunctive Therapies and the Opportunity
to Enhance Adaptive Neural Plasticity during Upper Limb
Immobilisation. Recapitulating on the role of the pattern of
activity in the efferent and/or afferent neural signalling path-
ways targeting and/or coming from a particular body part in
shaping the corresponding cortical motor representation (see
Section 2.1), a recent study tested in healthy individuals the
interaction between peripheral somatosensory stimulation
(PSS) and upper limb immobilisation. Complementing their
previous findings on the effects of immobilisation on both
the excitability of homologous cortical motor representa-
tions and the interhemispheric interactions between them,
Avanzino et al. (2014) showed that a form of proprioceptive
stimulation can largely attenuate the maladaptive neural
plasticity that is induced by upper limb immobilisation.
Specifically, they found that intermittent vibration of amuscle
from the immobilised hand delivered throughout the period
of immobilisation was able to prevent large decreases in the
excitability of the corresponding cortical motor representa-
tion and to abolish both, increases in the excitability of the
homologous representation in the opposite hemisphere and
changes in the interhemispheric balance between the two
homologous cortical motor representations [120].
The findings from this latter study, when taken together
with those from previously described studies investigat-
ing covert motor strategies during immobilisation, invoke
the idea that different interventions might be delivered in
combination during upper limb immobilisation in order to
maximize prevention of maladaptive/promotion of adaptive
neural plasticity in the brain’s motor system, much like
with the use of adjunctive therapies in association with
task-specific exercises during poststrokemotor rehabilitation
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(see Section 3). Here, a potential manipulation could be,
for instance, to combine covert motor strategies with brain
stimulation (BS) and/or PSS techniques during upper limb
immobilisation (Figure 2(b)). It is likely that the effects of
such strategies, in terms of adaptively stimulating cortical
motor representations, would be strengthened by concomi-
tant BS, delivered to either one or both motor cortices,
and/or PSS of the immobilised body part(s). A recent study
provides empirical support for this prediction. It was shown
that observation of right hand movements combined with
sensorimotor electrical stimulation of the median nerve at
the level of the right wrist increased the excitability of
the cortical motor representation of the involved hand, an
effect that was not present when the two interventions were
delivered separately. In addition, this modulation outlasted
the period of observation-stimulation [121]. It remains to
be tested, however, whether a similar manipulation would
result in a potentiation of the effect of AO during upper limb
immobilisation.
6. Conclusion and Perspectives
Advances in our understanding of the neural plasticity that
occurs after hemiparetic stroke, both adaptive and mal-
adaptive, have contributed to the formulation of theories
of motor recovery after stroke. Such theories identify the
processes that are likely to promote motor recovery, for
instance, of poststroke upper limb hemiparesis, and that
therefore might be targeted by neurorehabilitation efforts.
Contemporary motor rehabilitation strategies target these
processes, but because they are essentially centered in the
overt practice of physically demanding task-specific exer-
cises, they do not easily translate into benefit for stroke
survivors sustaining low-functioning upper limb hemipare-
sis. For these individuals, motor rehabilitation options are
currently limited. MI and AO are two examples of covert
or cognitive motor strategies that have a great potential
to translate into alternative motor rehabilitation strategies
for stroke. Because they can adaptively stimulate cortical
motor representations in the absence of overt movement,
MI- andAO-based training strategies have a greater potential
for benefiting the wider spectrum of functional recovery
after stroke, including those individuals with poor residual
function. In this paper, we provided theoretical and empirical
evidence that an upper limb immobilisation-based neural
plasticity model, by capitalising on current theories of motor
recovery after stroke, the shortage of overt movements, and
a disease-free condition of compromised brain function,
provides a very attractive neurobehavioural template for
exploring these strategies within this context.
The findings from the immobilisation studies reviewed
here, particularly those concerning the effects of immobili-
sation on the interhemispheric interactions between homol-
ogous cortical motor representations, have important impli-
cations for a particular contemporary motor rehabilitation
strategy addressing poststroke upper limb hemiparesis. This
strategy is known as constraint-induced movement therapy
(CIMT). CIMT falls within one of those two categories
of interventions that were presented in this paper (see
Section 3). Essentially, this rehabilitation strategy consists of
three elements [122]. These are (1) repetitive and progressive
task-specific training with the paretic upper limb for several
hours a day, usually for a period of 2 weeks; (2) a “transfer
package” made of behavioural techniques used to promote
transfer of the gains obtained during the treatment period
in a research and/or clinical setting to the individual’s real-
world environment; and (3) constraining use of the paretic
upper limb through immobilisation of the contralateral,
less-affected limb. This particular therapy has proven to be
an effective intervention for improving paretic upper limb
function after stroke and is currently recommended as the
treatment of choice for those individuals with relatively high
levels of residual function [123]. Despite the fact that CIMT
has been extensively investigated during the past few years,
the mechanisms mediating treatment success with this inter-
vention are still relatively poorly understood (see [124] for a
discussion). One influential proposal has been that functional
improvements after CIMT are consequential to the massed
overt motor practice with the paretic upper limb, which,
in turn, contributes to both reversal of the learned nonuse
phenomenon and adaptive neural plasticity, that is, increases
in the size and/or excitability, of the corresponding cortical
motor representations [125]. It follows from this proposal that
the relevance of immobilising the less-affected upper limb for
promotingmotor gainswith themore-affected, paretic limb is
often underestimated.More commonly, an indirect, relatively
trivial role is attributed to the immobilisation element of
CIMT, for example, that it serves only as a “constraining”
instrument employed simply to encourage use of the paretic
upper limb. As Taub and colleagues (1999) commented on
the relevance of the immobilisation element of CIMT, “There
is thus nothing talismanic about use of a sling or other
constraining device on the less-affected limb. The common
factor appears to be repeatedly practicing use of the paretic
arm. Any technique that induces a patient to use an affected
limbmanyhours a day for a period of consecutive days should
be therapeutically efficacious. This factor is likely to produce
the use-dependent cortical reorganization found to result
from CI Therapy (23, 58, 59) and is presumed to be the basis
for the long-term increase in the amount of use of the more-
affected limb” [126]. As already pointed out by others (e.g.,
see [83]), recent findings from upper limb immobilisation
studies suggest, however, that a more sensible appreciation
of the contribution of the immobilisation element of CIMT
would be that such manipulation might otherwise have a
more direct, meaningful role in mediating treatment success,
at least in theory. For example, it is possible that, at least in
some individuals, the effects of immobilisation of the less-
affected upper limb during CIMT would be superimposed to
those effects induced by the intensive motor training with the
paretic upper limb.More specifically, as long as a condition of
true immobilisation, that is, of substantially reduced usage,
of the less-affected upper limb is present, it would decrease
activity of the contralesional motor cortex, which, in turn,
could contribute to reducing transcallosal inhibition from
this region towards the homologous area in the affected
hemisphere. As a consequence, this could attenuate inter-
hemispheric imbalance and facilitate ipsilesional activation
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and hence boost massed practice-induced adaptive neural
plasticity (see “rebalancing” theory in Section 2.2). Since its
original conceptualisation, CIMT has taken many different
forms, each of which containing different combinations
and/or durations of the three elements of the intervention,
which are task-specific training, “transfer package,” and
immobilisation of the contralateral, less-affected upper limb
[127–129] (see [124] for a review).When considering whether
or not to include the immobilisation element of CIMT in the
rehabilitation program, the above-mentioned consideration
should be taken into account, but also the pros and cons
of restraining movements of the patient’s less-affected upper
limb should be carefully weighted.
On a different note, with the advent of noninvasive
brain stimulation (BS) techniques during the past years, it
has become possible to develop neural plasticity “protocols”
that are able to induce relatively predictable changes in the
excitability of selected brain regions and that therefore might
be used to improve the individual’s behavioural capacity
under certain conditions.Themotor cortex, in particular, has
been a major target of such protocols. Here, BS has been used
to either directly induce adaptive neural plasticity of cortical
motor representations in healthy individuals with excitatory
stimulation and thereby improve their motor learning or
adaptively modulate neural plasticity patterns after hemi-
paretic stroke with excitatory and/or inhibitory stimulation
and thereby improve the individual’s motor recovery (see
Section 3 and also [66, 130] for reviews). More recently,
neural plasticity research has shown that it is possible to
modulate the response of themotor cortex to neural plasticity
protocols, to both those exogenously induced through BS
and endogenously induced protocols, such asmotor learning,
by manipulating its activity before delivery of such proto-
cols [131]. In other words, the strength of an excitatory or
inhibitory neural plasticity protocol that targets the motor
cortex might be either increased or decreased depending on
the history of activity of this area.This priming effect has been
termed “metaplasticity” [132]. Basically, if activity in a brain
region or neuronal network is high, then the strength of a
subsequent excitatory protocol is decreased, while the oppo-
site is true for a subsequent inhibitory protocol. Conversely, if
activity in that brain region or neuronal network is low, then a
subsequent excitatory protocol is enhanced, while the oppo-
site is true for a subsequent inhibitory protocol. An example
of this phenomenon was provided by Jung and Ziemann
(2009). Briefly, the authors showed that, in healthy partici-
pants, motor learning—an endogenously induced excitatory
neural plasticity protocol that targets the motor cortex—
can be potentiated by decreasing activity/excitability of the
targeted motor cortex with a long-term depression- (LTD-)
inducing paired associative stimulation (PAS) protocol deliv-
ered before the learning paradigm [133]. Motor learning is
thought to improve the individual’s motor capacity by, among
other processes, inducing long-term potentiation (LTP) and
thereby adaptive neural plasticity in their motor cortex (see
Section 2.1). In the study by Jung and Ziemann, it is likely
that the LTD-inducing PAS protocol delivered before motor
practice increased, via metaplasticity mechanisms, the likeli-
hood for subsequent LTP in the involved motor cortex and
cortical motor representation(s), hence potentiating motor
learning [133]. Recently, this finding has prompted others to
extrapolate the concept of metaplasticity to the context of
motor rehabilitation after stroke. Interestingly, in a proof-
of-principle study, challenging the standard approach in BS-
based poststroke motor rehabilitation (e.g., see Section 3 and
Figure 1(b)), Di Lazzaro and colleagues (2013) found that, in
general, inhibitory, activity-decreasing BS of the ipsilesional
motor cortex followed by physiotherapy exercises improved
the motor outcomes of patients more than sham BS [134].
The results from these two latter studies, when taken together
with the findings reported in this paper concerning the
effects of upper limb immobilisation on the motor cortex,
might spark rather provocative speculations. As demon-
strated by Rosenkranz et al. (2014) (see end of Section 4),
apart from decreasing the excitability of the corresponding
cortical motor representations in the contralateral motor
cortex, upper limb immobilisation also seems to alter neural
plasticity mechanisms within these representations, such that
the larger the decrease in their excitability induced by the
restriction, the greater their sensitivity to subsequent LTP-
like processes [86]. This suggests that, like BS, but with the
advantages of being much cheaper and technically simpler,
upper limb immobilisation could also be used as a nonin-
vasive neural plasticity protocol to decrease motor cortex
activity/excitability and, within a context of metaplasticity,
improve subsequent motor training. For instance, it can be
speculated that, in healthy individuals, immobilisation of the
upper limb for a certain period of time which is sufficient to
substantially decrease the excitability of the corresponding
cortical motor representations in the contralateral motor
cortex could perhaps facilitate/enhance subsequent motor
learning with that limb by increasing the likelihood for LTP
in the involved representations. In the same vein, now within
the context of poststroke motor rehabilitation, it can also be
speculated that a period of immobilisation of the patient’s
paretic upper limb before a physiotherapy session could
boost subsequent practice-induced adaptive neural plasticity
of the corresponding cortical motor representations. This,
in turn, could eventually enhance rehabilitation outcomes.
Despite their rather provocative and speculative nature, the
findings discussed previously suggest that such predictions
are, at least theoretically, valid. Future studies could test these
hypotheses.
Before upper limb immobilisation can be consolidated as
a neural plasticity model/protocol in humans, some issues
remain to be addressed by future research. First, most of the
studies, if not all, on upper limb immobilisation have been
conducted with young participants. It would be important
to also perform these investigations with aged populations,
especially within the context of translational neurorehabili-
tation research, as the vast majority of stroke survivors are
elderly. Second, there is no consensus yet on a possibly ideal
immobilisation time to induce the reported changes in the
motor system, both those that are measured at the level of the
motor cortex and those expressed behaviourally. For instance,
studies have used restriction periods ranging from hours, for
example, 6, 8, 10, 12, and 24 hours, to days in humans and
to months in animals. Determining the optimal length of
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immobilisation is critically important to minimise not only
costs, but also potential ethical issues that might be present,
particularly in long-term immobilisation studies. In this case,
the question of whether the effects of immobilisation on the
brain’s motor system can be potentiated, and perhaps acceler-
ated with exogenous manipulations, such as noninvasive BS,
should also be given consideration.
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Motor learning studies face the challenge of differentiating between real changes
in performance and random measurement error. While the traditional p-value-based
analyses of difference (e.g., t-tests, ANOVAs) provide information on the statistical
significance of a reported change in performance scores, they do not inform as to the
likely cause or origin of that change, that is, the contribution of both real modifications
in performance and random measurement error to the reported change. One way
of differentiating between real change and random measurement error is through
the utilization of the statistics of standard error of measurement (SEM) and minimal
detectable change (MDC). SEM is estimated from the standard deviation of a sample
of scores at baseline and a test–retest reliability index of the measurement instrument
or test employed. MDC, in turn, is estimated from SEM and a degree of confidence,
usually 95%. The MDC value might be regarded as the minimum amount of change
that needs to be observed for it to be considered a real change, or a change to which
the contribution of real modifications in performance is likely to be greater than that of
random measurement error. A computer-based motor task was designed to illustrate the
applicability of SEM and MDC to motor learning research. Two studies were conducted
with healthy participants. Study 1 assessed the test–retest reliability of the task and
Study 2 consisted in a typical motor learning study, where participants practiced the
task for five consecutive days. In Study 2, the data were analyzed with a traditional
p-value-based analysis of difference (ANOVA) and also with SEM and MDC. The findings
showed good test–retest reliability for the task and that the p-value-based analysis alone
identified statistically significant improvements in performance over time even when the
observed changes could in fact have been smaller than the MDC and thereby caused
mostly by random measurement error, as opposed to by learning. We suggest therefore
that motor learning studies could complement their p-value-based analyses of difference
with statistics such as SEM and MDC in order to inform as to the likely cause or origin
of any reported changes in performance.
Keywords: motor learning, neurorehabilitation, plasticity, inferential statistics, p-value, reliability, standard error
of measurement, minimal detectable change
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INTRODUCTION
In motor learning studies, investigators typically assess
individuals for their performance on a motor task before,
during, and after a period of training on the same task (e.g.,
Pascual-Leone et al., 1994; Karni et al., 1995; Reis et al., 2009;
Debas et al., 2010; Abe et al., 2011; Platz et al., 2012a,b). One of the
challenges in such studies is to differentiate between real changes
in performance and random measurement error. The latter
corresponds to changes that occur at random in performance
scores, as opposed to, for instance, changes due to learning.
Potential sources of random measurement error include, among
others: (i) differences in individual factors such as level of
motivation, fatigue, attention, etc. at different test sessions, (ii)
an intrinsic variability of the measurement instrument or test
employed to measure performance, or (iii) a combination of
both (Beninato and Portney, 2011; Portney and Watkins, 2015).
In fact, any measurable change in motor performance is likely to
be a compound of both real modifications in performance and
random measurement error, each contributing at varying degrees
to the observed change (Beninato and Portney, 2011; Portney
and Watkins, 2015).
Research on motor learning and its enhancement in humans
is relevant to many fields of applied research. It can contribute
for instance to improve learning in sports, music, industry,
and medical training (Schmidt and Lee, 2014), and has also
been extensively linked to sleep research (Landmann et al.,
2014). Another relevant application includes the optimization
of (re)learning in patients undergoing physical rehabilitation,
for example, after brain damage such as stroke (Dayan and
Cohen, 2011; Censor et al., 2012; Winstein et al., 2014; Krakauer,
2015; Torriani-Pasin et al., 2016; Buch et al., 2017). Therefore,
given its practical relevance, it seems important that motor
learning studies provide information not only on the statistical
significance and size, but also on the likely cause or origin
of any reported changes in performance, that is, on the
contribution of both real modifications in performance and
random measurement error to the reported changes.
While the traditional p-value-based approaches for examining
differences in motor performance (e.g., t-tests, ANOVAs, etc.)
provide information on the statistical significance of a given
change in performance scores, they do not inform as to the
likely cause of that change. One way to address this issue and
differentiate between real change and random measurement
error is through the utilization of the statistics of standard
error of measurement (SEM) and minimal detectable change
(MDC), both of which are considered best practice in the
clinical domain and therefore have been widely employed in
the clinical literature (Fritz et al., 2009; Beninato and Portney,
2011; Scalzitti, 2014; Portney and Watkins, 2015). SEM is
estimated from the standard deviation of a sample of scores at
baseline and a test–retest reliability index of the measurement
instrument or test used (e.g., SEM = sbaseline × (
√
1 − intra-
class correlation coefficient (ICC); see Supplementary Material)
(Beninato and Portney, 2011; Portney and Watkins, 2015). The
SEM value might be considered an estimation of the expected
random variation in scores when no real change has taken place
(Beninato and Portney, 2011; Portney and Watkins, 2015). MDC,
in turn, is estimated from SEM and a degree of confidence, usually
95% (e.g., MDC95 = SEM × 1.96 ×
√
2; see Supplementary
Material) (Beninato and Portney, 2011; Portney and Watkins,
2015). The MDC value might be regarded as the minimum
amount of change that needs to be observed, at either the group
or individual level, for it to be considered a real change (Fritz
et al., 2009; Beninato and Portney, 2011; Portney and Watkins,
2015), or a change to which the contribution of real modifications
in performance is likely to be greater than the contribution of
random measurement error.
We designed a computer-based motor task to illustrate the
applicability of SEM and MDC to motor learning research.
Two studies were conducted with healthy participants. Study 1
assessed the test–retest reliability of the task and served as the
basis for Study 2, which in turn consisted in a typical motor
learning study, where participants practiced the task for five
consecutive days. In Study 2, the data were analyzed with a
traditional p-value-based analysis of difference (ANOVA) and
also with the statistics of SEM and MDC, in order to unravel the
likely origin of any changes in performance that would emerge
from training.
MATERIALS AND METHODS
Participants
Thirty-three adult individuals were recruited for Studies 1 and
2 and those who took part in one study did not participate in
the other. Individuals were students or members of staff from
the University of Surrey and were all right-handed. Both studies
were approved by the University of Surrey’s Ethics Committee
and all participants gave written consent prior to participation.
Two participants withdrew from the studies (one from Study 1
and one from Study 2), leaving N = 16 for Study 1 and N = 15
for Study 2. Participation was reimbursed with £5 for Study 1 and
£25 for Study 2. The latter also included a performance-related
cash bonus to encourage motivation. Demographic data for both
studies are presented in Table 1.
Motor Task
A computer-based motor task which involves the dexterous
manipulation of an adapted vertical mouse was used in Studies
1 and 2. The adapted mouse comprised a commercially available
wireless vertical mouse (Penguin Ambidextrous Vertical Mouse,
Posturite Ltd., United Kingdom) with a plastic bottle attached
to its vertical handle in order to increase task difficulty and
counter possible familiarity with vertical mouse use (Figure 1A).
TABLE 1 | Demographic data from the participants who completed Studies
1 and 2.
Age (years) Gender
Study 1 (N = 16) 29.38 (±8.89) 10 Females
Study 2 (N = 15) 20.93 (±3.22) 12 Females
Data presented as M (±SD).
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FIGURE 1 | The adapted vertical mouse that had to be controlled by participants while performing the computer-based motor task during Studies 1 and 2 (A),
what the task consisted in (B), and the experimental setup for Studies 1 and 2 (C).
The task was based on a freely available online game1 which
allows customization of many of its gaming settings. Two bespoke
versions of the game were programmed for Studies 1 and 2.
In Study 1, the game comprised one block of four trials,
consisting in a 15-s familiarization trial followed by three 1-min
practice trials (Figure 2A). A 10-s countdown preceded the
familiarization trial and a 30-s countdown was given prior to
commencement of every practice trial. For Study 2, the game
consisted of five blocks. The first and last blocks had four trials
each, as in Study 1 (one familiarization trial plus three practice
trials), while the remaining blocks were comprised of three
practice trials each (Figure 2B). A 1-min rest interval spaced
blocks 1, 2, 3, and 4 from each other. Blocks 4 and 5 were spaced
by a 5-min rest interval. All other parameters were similar to
Study 1.
In both versions of the game, the task consisted in hitting
circular targets on an 18.5 cm × 20.5 cm computer screen
1www.aimbooster.com
frame by moving a cross-hair controlled by the adapted vertical
mouse (Figure 1B). Touching a target with the cross-hair already
counted as a hit; no clicking was needed. After each target was hit,
another one would immediately pop up on the screen following a
pseudorandomised spatial distribution pattern. No penalty was
incurred if participants missed the targets and/or moved the
cross-hair outside the screen frame. However, these indirectly
reduced performance because of time costs. Participants were
instructed to hit as many targets as possible during the practice
trials.
The adapted mouse was placed on a 50 cm × 42 cm smooth
mouse pad (HyperX FURY Pro Gaming mouse pad, Kingston
Technology Corporation, United States), which was fixated to
a height-adjustable table (Figure 1C). The task was performed
in a standing position in order to increase task difficulty by
adding postural demands. Table height was individually adjusted
so that the participants’ right upper limb would not touch the
mouse pad, again to place greater demand on motor control.
Individuals were instructed to keep their left upper limb hanging
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FIGURE 2 | The two versions of the game used in the two present studies. The version used in Study 1 comprised only one block (A), while the version used in
Study 2 comprised five blocks (B). 15s, 15 s familiarization trial; 1m, 1 min practice trial.
on the side. The cross-hair on the screen was to be controlled
by sliding the mouse across the pad without lifting it. Every trial
started from a central position, i.e., with the cross-hair and the
mouse at the center of the computer screen frame and the pad,
respectively. The apparatus was slightly shifted to the right so
that participants remained aligned to the center of the computer
screen (Figure 1C).
Procedures
Study 1 (Test–Retest)
Performance was assessed on two separate days with a minimal
interval of 3 days (7 days maximum; M = 4.5, SD = 1.37).
Repeated-measures sessions (Session 1 on day 1 and Session 2
on day 2) were completed in the laboratory, with identical
instructions. Sessions lasted 4 min and were controlled for time
of day. No performance feedback was given after Session 1
or immediately before Session 2 to ensure the integrity of the
test–retest reliability measure.
Study 2 (Motor Learning)
Performance was assessed on five consecutive weekdays (Sessions
1–5), with an interval of 24 h between two consecutive
sessions, and after a 1-week long-term retention interval (Session
6). Before commencement of Sessions 2–5, participants were
informed about their performance on the previous session;
no performance feedback was given before commencement of
Session 6. The game version from Study 1 (one block with
four trials) was used for Session 6. Repeated-measures sessions
(Sessions 1–5) were completed in the laboratory throughout the
week, from Monday to Friday, with identical instructions and
a 30-min duration each. One week from Friday (Session 5),
another experimental session (Session 6; 4-min duration) was
performed in order to assess the long-term retention of the
participants’ skill on the task. All sessions were controlled for time
of day.
Data Analysis
For both studies, the number of targets hit and the average
response time (RT), defined as the time in milliseconds elapsed
between a target appearing on the screen and being hit, served as
outcome parameters for statistical analysis.
Study 1 (Test–Retest)
The number of hits and the average RT from the three practice
trials were averaged for each participant and session. The data
were assessed for outliers and the assumption of normality. As
the latter was met, paired-samples t-tests were then conducted to
examine performance differences between the two experimental
sessions. The ICC was estimated as an index of test–retest
reliability, using the model of random effects and the form of
single-measures, i.e., ICC (2,1) (see Supplementary Material).
Alpha level was set to 5% and the Statistical Package for the Social
Sciences (SPSS, version 22) was used for statistical analysis.
Study 2 (Motor Learning)
The number of hits and the average RT from the three
practice trials from the first block were averaged for each
participant and session. No outliers were identified and the
assumption of normality was met. One-way repeated-measures
ANOVAs, with Session as the within-subjects factor, were then
conducted for both number of hits and RT data to assess
performance changes across the six experimental sessions. The
method of Simple Contrast was used and Session 1 was defined
as the Reference Category. In order to adjust for multiple
comparisons, the Bonferroni correction method was applied.
When the assumption of sphericity was not met, as assessed
through Mauchly’s test, the Greenhouse–Geisser correction was
performed (Field, 2013). Alpha level was set to 5% and the data
were handled with the SPSS (version 23).
The statistics of SEM and MDC95 were estimated for both hits
and RT data (as described in the Supplementary Material). For
estimating SEM, the standard deviation from the first block of
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Session 1 and the test–retest reliability index obtained in Study 1
were used (Beninato and Portney, 2011; Portney and Watkins,
2015). At the group level, for a change in performance to be
considered a real change, that is, a change that is likely to be due
mostly to real modifications in performance, the 95% confidence
interval (CI) of the respective mean of the differences had to
be outside the range of random measurement error, i.e., outside
the interval spanning between the ±MDC95 values (Fritz et al.,
2009; Beninato and Portney, 2011; Portney and Watkins, 2015).
MDC95 proportions were also calculated. These represented the
percentages of participants showing motor learning during the
training period, i.e., showing an improvement in performance
that was equal to or greater than the absolute values of the MDC95
(Portney and Watkins, 2015). By definition, changes equal to
or greater than the MDC95 are outside the range of random
measurement error and hence are likely to be caused mostly by
real modifications in performance, e.g., by learning (Beninato and
Portney, 2011; Portney and Watkins, 2015).
RESULTS
Study 1 (Test–Retest)
The number of hits was higher in Session 2 (M = 78.25, SD = 7.61)
than in Session 1 (M = 76.75, SD = 7.59). This difference,
1.50 ± 2.94, 95% CI (−0.07, 3.07), however, was not statistically
significant, t(15) = 2.04, p = 0.06, and represented a small-sized
effect, d = 0.20. A similar pattern was observed for RT, which
was smaller in Session 2 (M = 728.24 ms, SD = 58.98) than
in Session 1 (M = 738.86 ms, SD = 60.81). Likewise, this
difference, –10.63± 24.11 ms, 95% CI (−23.47, 2.22), was not
statistically significant, t(15) = 1.76, p = 0.098, and represented
a small-sized effect, d = 0.18.
Estimated ICCs for number of hits and RT were 0.91, 95% CI
(0.75, 0.97), F(15) = 25.65, p < 0.001, and 0.91, 95% CI (0.75,
0.97), F(15) = 23.69, p < 0.001, respectively, indicating good
test–retest reliability for the task. The results are summarized in
Table 2.
Study 2 (Motor Learning)
For both parameters, participants performed increasingly better
in Sessions 2–5, when compared to Session 1, and the
TABLE 2 | Number of hits and RT data from both experimental sessions from
Study 1.
Session 1 Hits 76.75 (±7.59)
RT 738.86 ms (±60.81)
Session 2 Hits 78.25 (±7.61)
RT 728.24 ms (±58.98)
Difference Hits 1.50 (±2.94), 95% CI (−0.07, 3.07), d = 0.20
RT −10.63 ms (±24.11), 95% CI (−23.47, 2.22), d = 0.18
ICC (2,1) Hits 0.91, 95% CI (0.75, 0.97)
RT 0.91, 95% CI (0.75, 0.97)
The differences between sessions and the estimated ICCs are also displayed.
Data presented as M (±SD).
improvements in performance achieved at the end of the
training period were largely sustained over the 1-week long-term
retention interval (Session 5 to 6) (Figure 3 and Table 3). These
observations were corroborated by a main effect of Session on
number of hits and RT. Post hoc comparisons revealed statistically
significant improvements in performance from Session 1 to 2, 1
to 3, 1 to 4, and 1 to 5, and retention from Session 5 to 6. The
results are summarized in Table 4.
The estimates of SEM and MDC95 were, respectively, 1.88
and 5.21 for number of hits, and 14.42 and 39.97 ms for RT.
At the group level, for both number of hits and RT, from 1 to
4 days/sessions of training on the task, the 95% CI of the mean
of the differences in performance moved away from the interval
corresponding to the range of random measurement error,
suggesting a trend toward a real improvement in performance
with training, i.e., learning (please refer to Figure 4). Analysis
of individual data confirmed this trend by showing an increase
in the MDC95 proportion (60–80%) from 1 to 4 days/sessions
of training, for both number of hits and RT, hence indicating a
motor learning effect for individual participants (please refer to
Figure 5).
At the 1-week long-term retention test, at the group level,
for both number of hits and RT, the 95% CI of the mean of the
differences in performance between Sessions 5 and 6 was within
the interval corresponding to the range of random measurement
error (please refer to Figure 4). At that same time point, 75% of
the participants (9 out of 12) who after 4 days/sessions of training
displayed learning, i.e., an improvement in performance that was
equal to or greater than the absolute values of the MDC95, showed
a change in performance which was within the range of random
measurement error (please refer to Figure 5). Altogether, these
findings indicate good long-term retention of motor learning
from Session 5 to 6.
Table 5 displays the estimates of SEM and MDC95 for
both the number of hits and RT data. The respective MDC95
proportions at the end of the training period are also
displayed.
DISCUSSION
Motor learning studies face the challenge of differentiating
between real changes in performance and random measurement
error. One way of meeting that challenge is through the
utilization of the statistics of SEM and MDC. The MDC value
represents the minimum amount of change that needs to be
observed for it to be considered a real change, or a change
that exceeds random measurement error and therefore is likely
to be produced mostly by real modifications in performance.
We designed a computer-based motor task to illustrate the
applicability of SEM and MDC to motor learning research.
Two studies were conducted with healthy participants. Study 1
assessed the test–retest reliability of the task and Study 2 consisted
in a typical motor learning study, where participants practiced
the task for five consecutive days. In Study 2, the data were
analyzed with a traditional p-value-based analysis of difference
(ANOVA) and also with SEM and MDC, in order to determine
Frontiers in Human Neuroscience | www.frontiersin.org 5 March 2018 | Volume 12 | Article 95
fnhum-12-00095 March 20, 2018 Time: 18:0 # 6
Furlan and Sterr Real Change in Motor Learning
FIGURE 3 | Performance across experimental sessions, in terms of number of hits (A) and RT (B). The round dots represent the averages of the three practice trials
from the first block of each experimental session, which were used to measure motor learning. The vertical dashed lines represent the 1-week long-term retention
interval spanning between Sessions 5 and 6. Group data are displayed. Error bars = 95% CI.
the likely cause of any changes in performance emerging from
training.
Overall, the results showed that our task is reliable and that
the p-value-based analysis alone identified statistically significant
improvements in performance over time even when the observed
changes could in fact have been smaller than the MDC and
thereby caused mostly by random measurement error, as opposed
to by motor learning.
Study 1 (Test–Retest)
According to general guidelines (e.g., Portney and Watkins,
2015), our results suggest good test–retest reliability for the
computer-based motor task we designed (Table 2). Although
performance improved slightly from test (Session 1) to retest
(Session 2), these differences were not statistically significant and
represented small effects and, more importantly, did not affect
test–retest reliability (Table 2).
Ensuring the test–retest reliability of a task/test not only gives
researchers more confidence for attributing potential changes
in performance scores to an experimental manipulation but,
critically, it also allows for the estimation of the statistics of SEM
TABLE 3 | Performance scores for both hits and RT data from Study 2.
Hits Session 1 M = 78.11, SD = 6.26
Session 2 M = 83.98, SD = 5.23
Session 3 M = 86.60, SD = 5.42
Session 4 M = 86.93, SD = 6.61
Session 5 M = 89.93, SD = 5.38
Session 6 M = 88.02, SD = 6.41
RT Session 1 M = 728.69 ms, SD = 48.08
Session 2 M = 685.02 ms, SD = 38.18
Session 3 M = 664.76 ms, SD = 38.00
Session 4 M = 660.04 ms, SD = 44.46
Session 5 M = 640.16 ms, SD = 36.14
Session 6 M = 653.35 ms, SD = 47.13
and MDC, which in turn can contribute to unravel the likely
origin of those changes (Beninato and Portney, 2011; Portney and
Watkins, 2015).
Study 2 (Motor Learning)
Motor learning was assessed through four consecutive short-
term retention tests administered 24 h after completion of the
preceding training session. Such tests corresponded to the first
block of the second, third, fourth, and fifth experimental sessions
(Figure 3). It has been suggested that 24 h since the last practice
session is an adequate minimal interval for the application of
retention tests and thereby the assessment of motor learning (see
Kantak and Winstein, 2012 for further discussion). The long-
term retention of motor learning after 5 days/sessions of training
on the task was also investigated through another retention
test which was administered 1 week after the last training
day/session. This test corresponded to the sixth experimental
session (Figure 3).
At the group level, according to the p-value-based analysis of
difference, for both hits and RT data, motor learning took place
as early as after 1 day/session of training (Session 1 to 2), with
improvements in performance increasing with the number of
days/sessions of training (Figure 4 and Table 4). The analyses
also showed good long-term retention of motor learning 1 week
after the end of the training period (Figure 4 and Table 4).
However, the analyses based on SEM and MDC revealed a
somewhat different scenario. For instance, after 1 day/session of
training on the task (Session 1 to 2), both in terms of number
of hits and RT, the 95% CI of the mean of the differences in
performance overlapped largely with the interval corresponding
to the range of random measurement error, that is, the interval
spanning between the respective ±MDC95 values (Figure 4
and Table 4). This means that, at that stage, the respective
improvements in performance could in fact have been caused
mostly by random measurement error, as opposed to by learning.
The scenario remained rather similar as training progressed to
2 and 3 days/sessions of training on the task. It was only at the
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TABLE 4 | ANOVAs and post hoc comparisons for both hits and RT data from Study 2.
ANOVA Post hoc comparisons
Hits F (5,70) = 17.43, p < 0.001 Session 1 to 2 +5.87, 95% CI (1.35, 10.39), p = 0.006, r = 0.60
Session 1 to 3 +8.49, 95% CI (2.87, 14.11), p = 0.002, r = 0.67
Session 1 to 4 +8.82, 95% CI (1.78, 15.87), p = 0.009, r = 0.58
Session 1 to 5 +11.82, 95% CI (5.28, 18.37), p < 0.001, r = 0.74
Session 5 to 6 −1.91, 95% CI (1.39, −5.22), p = 0.906
RT F (2.64,36.95) = 18.07, p < 0.001 Session 1 to 2 −43.67 ms, 95% CI (−7.10, −80.24), p = 0.013, r = 0.56
Session 1 to 3 −63.93 ms, 95% CI (−20.09, −107.78), p = 0.002, r = 0.65
Session 1 to 4 −68.65 ms, 95% CI (−15.52, −121.78), p = 0.007, r = 0.60
Session 1 to 5 −88.53 ms, 95% CI (−39.22, −137.84), p < 0.001, r = 0.74
Session 5 to 6 +13.19 ms, 95% CI (−12.11, 38.49), p = 1.00
end of the training period, i.e., after 4 days/sessions of practice,
that the 95% CI of the mean of the differences practically did
not overlap anymore with the interval corresponding to the
range of random measurement error—there was no overlap for
the hits data and the overlap was minimum for RT (Figure 4
and Table 4). This indicates therefore that it was only at that
stage that the respective improvements in performance (Session
1 to 5) were more likely to reflect real improvements, i.e., to
have been caused mostly by motor learning, as opposed to by
random measurement error. This observation is critical as it
could be used to inform future studies as to the minimum
amount of training on the task that would be needed in order
to produce robust motor learning. For instance, instead of only
1 or 2, or even 3 days/sessions of training, as suggested by
the p-value-based analyses alone, adopting a longer training
regime, e.g., at least 4 days/sessions of practice, would be a
more appropriate conduct. By doing so, one could then be more
confident that motor learning would be contributing more than
random measurement error to any observed improvements in
performance.
This seeming discrepancy between p-value- and MDC-based
analyses might be due to the fact that the former does not
take into account the random error that is associated with the
measurement instruments producing the means which in turn
are compared by the traditional inferential statistical tests, while
the latter is performed directly from an estimation of the size
of that error (see the respective formulas in the Supplementary
Material). Assuming that measures of motor performance and
their change over time are free from random error, irrespectively
of statistical significance, is at odds with good research practice
and should be avoided. This is a fundamental issue for motor
learning studies, which typically test for improvements in
performance scores from pre- to post-training assessments. In
order to further support our abovementioned findings and
arguments, by using the data obtained in Study 1, we simulated
10 hypothetical motor learning studies on a freely available
statistical software (ESCI2 – Chapters 5 and 6, 2011; see also
Cumming, 2012, 2014 for further information on ESCI). Details
2http://thenewstatistics.com/itns/esci/esci-for-utns/
FIGURE 4 | Changes in performance, in terms of number of hits (A) and RT (B), as a function of the number of days/sessions of training on the task. From left to
right: Means of the differences in performance between Sessions 1 and 2, 1 and 3, 1 and 4, 1 and 5, 1 and 6, and 5 and 6. The thin dashed horizontal lines indicate
a mean difference of 0. The thick dashed horizontal lines indicate the ±MDC95 values (±5.21 for number of hits and ±39.97 ms for RT). The shaded areas between
the ±MDC95 values represent the interval corresponding to the range of random measurement error. Changes in performance that are within this interval,
irrespectively of statistical significance, are likely to result mostly from random measurement error, as opposed to from real modifications in performance, e.g., from
learning. Group data are displayed. Error bars = 95% CI.
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FIGURE 5 | The same type of data as in Figure 4 are displayed, but here data are displayed at the individual level. The percentages represent the MDC95
proportions. These values correspond to the percentages of participants showing motor learning during the training period, i.e., showing an improvement in
performance that was equal to or greater than the absolute values of the MDC95 and that therefore was outside the range of random measurement error, and hence
was likely to have been caused mostly by learning. The rectangular boxes highlight the participants displaying a change in performance at the end of the training
period, i.e., after 4 days/sessions of training, that was smaller than the absolute values of the MDC95. These individuals could be considered “non-learners.”
The percentages at Retention represent the percentages of participants who, having displayed motor learning at the end of the training period, showed a change in
performance at the 1-week long-term retention test (Session 5 to 6) that was smaller than the absolute values of the MDC95 and that therefore was likely to have
been caused mostly by random measurement error.
of how these simulations were performed and their results are
available in the Supplementary Material. In short, these simulated
studies compared performance scores between a pre- and a
post-training assessment, and they all produced two-tailed
p-values < 0.05 for a paired-samples t-test with α = 0.05, and
effect sizes varying from medium to large (minimum of 0.49
and maximum of 0.95). Although all simulated studies yielded
statistically significant results and medium-to-large effect sizes,
hence suggesting improvements in performance, i.e., learning,
from the pre- to the post-training assessments, in 9 out of the 10
studies the 95% CI of the mean of the differences in performance
scores overlapped with the interval corresponding to the range
of random measurement error. In four studies, the overlap was
total. In only 1 out of the 10 studies the 95% CI of the mean
of the differences was completely outside (above) the interval of
random measurement error —this particular result mirrors our
abovementioned result for the improvement in performance, in
terms of number of hits, that took place after 4 days/sessions of
training on our task (Session 1 to 5). Overall, the results from
these simulated studies lend strong support to the argument that
p-value-based analyses of difference alone do not inform as to
the likely origin of changes in performance scores, and that even
improvements in performance which are found to be statistically
significant can sometimes be due mostly to random measurement
error, instead of to motor learning.
During the analysis of individual data, for both number
of hits and RT, from 1 to 4 days/sessions of training on
the task, an increase in the MDC95 proportion was observed
(60–80%) (Figure 5), indicating a motor learning effect for some
participants at the individual level. Nevertheless, at the end of
the training period, i.e., after 4 days/sessions of practice, for both
hits and RT, that proportion did not reach 100%. This was due
to the fact that, at that stage, 20% of the participants (3 out
of 15) displayed a change in performance which was smaller than
the absolute values of the MDC95 (Figure 5). These participants
could be considered “non-learners,” as their respective change in
performance was likely to have been caused mostly by random
measurement error, and not by learning. People differ in the
way they respond to training and although we did not formally
address this issue, it could be speculated for instance that such
individual differences in learning might have emerged from
variations in people’s motor ability, which according to Schmidt
and Lee (2014) may be defined as “a fundamental characteristic of
different individuals that tends to underlie particular skills; ability
is largely inherited genetically and is not modifiable by practice”
(p. 190).
GENERAL DISCUSSION AND
CONCLUSION
Motor training or practice leads to motor learning, that is,
to relatively permanent or stable improvements in motor
performance (Schmidt and Lee, 2014). It has been suggested
that learning a motor task, including tasks requiring the control
of tools such as a computer mouse, involves developing and
TABLE 5 | Statistics of SEM and MDC95 for both number of hits and RT data from
Study 2.
SEM MDC95 MDC95 proportion
Hits 1.88 5.21 80%
RT 14.42 ms 39.97 ms 80%
The respective MDC95 proportions at the end of the training period, i.e., after
4 days/sessions of training on the task, are also displayed.
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optimizing internal models of that task (Wolpert et al., 2001,
2011; Wise and Willingham, 2009). Internal models represent
sensorimotor transformations in the brain, i.e., mappings
between motor commands and their sensory consequences.
Therefore, when learning how to control a device such as a
computer mouse, individuals develop and optimize mappings
between their actions on the device and the consequences
that are generated, in this case on the computer screen (see
Imamizu et al., 2000; Imamizu and Kawato, 2012 for further
discussion). Although this was not formally addressed in our
studies, these model-based mechanisms could in theory explain
the learning that most participants exhibited in Study 2. It is
possible though, that model-free learning mechanisms, including
use-dependent plasticity, operant reinforcement and/or success-
based exploration might also have played a role (Krakauer and
Mazzoni, 2011).
While extensively acknowledged in the clinical literature
(Fritz et al., 2009; Beninato and Portney, 2011; Scalzitti, 2014;
Portney and Watkins, 2015), the issue of differentiating between
real changes and random measurement error, and hence the
use and reporting of statistics such as SEM and MDC, has
not received much attention in motor learning research. Here
we have shown the applicability of these statistical concepts
to the context of motor learning, and how their utilization
might contribute to determine the likely cause of changes in
performance that normally occur in response to training. For
instance, the use of the MDC statistics, which in turn is estimated
from SEM, allows for differentiating between real modifications
in performance and random measurement error. The MDC value
might be regarded as the minimum amount of change that needs
to be observed, at either the group or individual level, for it
to be considered a real change (Fritz et al., 2009; Beninato and
Portney, 2011; Portney and Watkins, 2015), or a change to which
the contribution of real modifications in performance is likely to
be greater than the contribution of random measurement error.
Measurement instruments, including the tests or tasks that are
commonly used in motor learning research, are not free from
random error. Finding statistically significant differences between
pre- and post-training assessments that suggest improvements
in performance, i.e., motor learning, does not preclude the
possibility that such differences are being produced mostly by
random measurement error, as opposed to by learning. Moreover,
p-value-based analyses of difference (e.g., t-tests, ANOVAs,
etc.) tend to focus on group changes while ignoring what is
happening at the individual level. Inter-individual variability has
been a major problem in both the motor learning (Schmidt
and Lee, 2014) and the plasticity and brain stimulation arenas
(Ridding and Ziemann, 2010; Di Lazzaro and Rothwell, 2014;
Buch et al., 2017). Being able to identify and dissociate “learners”
from “non-learners,” or “responders” from “non-responders” in
the case of brain stimulation-based motor learning investigations,
for instance (e.g., Buch et al., 2017), might contribute to better
elucidate both the intervention’s mechanisms and the factors
mediating inter-individual differences. As we have shown here,
the use and reporting of the statistics of SEM and MDC might be
an interesting approach to addressing these issues.
We suggest that motor learning studies could complement
their p-value-based analyses of difference with statistics such as
SEM and MDC in order to inform as to the contribution of both
real modifications in performance and random measurement
error to any reported changes in motor performance.
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HIGHLIGHTS
A case to be made: theoretical and 
empirical arguments for the need to 
consider fatigue in post-stroke motor 
rehabilitation 
Motor rehabilitation after hemiparetic stroke is essential to 
soften physical disability (Furlan, 2014). Nevertheless, current 
interventions are mostly designed for well recovered individuals 
and often exclude stroke survivors with rather limited motor 
ability (Sterr and Conforto, 2012). Given that, and further ad-
vancing our research agenda in this arena (Sterr et al., 2002; 
Sterr and Freivogel, 2003, 2004; Sterr, 2004; Sterr et al., 2006; 
Sterr and Saunders, 2006), we recently tested the efficacy of a 
2-week modified constraint-induced (CI) therapy program in 
chronic stroke individuals with very low-functioning upper 
limb hemiparesis (Sterr et al., 2014a). We tested the influence of 
both the intensity of daily motor training (90 vs. 180 minutes) 
and the restraint of the less affected upper limb (restraint vs. no 
restraint) on treatment outcomes. Sixty-five individuals were 
randomly assigned to four experimental conditions (90 minutes 
of training with or without restraint, and 180 minutes of train-
ing with or without restraint). They were assessed at baseline 
and after the intervention (2 weeks before, immediately before 
and after, 6, and 12 months after). Across the cohort, motor 
function improved significantly, and treatment benefits were 
largely sustained over the 12 months of follow-up. Analysis of 
the different treatment variants, however, revealed interesting 
yet unexpected findings, particularly with regards to the rela-
tionship between intensity (amount) of daily training and mo-
tor outcomes. As suggested by previous work (Sterr et al., 2002), 
longer sessions of daily training were expected to yield better 
outcomes than short sessions, a finding in line with the theory 
that massed practice is essential for neuroplasticity processes 
driving the functional improvements induced by CI therapy. 
However, this was not entirely the case. While we found some 
differences suggesting greater benefit of longer training sessions, 
the picture was not as clear as one might expect. This pointed to 
an interaction between training intensity and motor outcomes 
in low-functioning chronic stroke that appears to be different 
from that seen in less severe chronic hemiparesis, where the 
concept of ‘the more the better’ often holds true (Figure 1). We 
argued that this intensity-outcome relationship is moderated 
by variables that highly depend on the level of residual recov-
ery. A key candidate for this moderation is fatigue. Fatigue is 
identified as rather common, yet obscure problem in stroke 
survivors (Wu et al., 2015). Post-stroke fatigue is multifacto-
rial and seems to result from a complex interaction among 
biological, psychosocial, and behavioral factors (Wu et al., 
2015). Here, we discuss the role of fatigue in motor rehabili-
tation of low-functioning chronic stroke using the framework 
recently suggested by Kluger et al. (2013). Although relatively 
different from, yet not antithetic to other fatigue models (e.g., 
Wu et al., 2015), we believe their framework provides concep-
tual and mechanistic support to our hypothesis. According to 
that framework, neurological, including post-stroke fatigue 
encompasses two domains: Perception of fatigue and fatigabil-
ity. Perception of fatigue refers to a subjective sense of effort or 
exhaustion, whereas fatigability is related to an objective decline 
in performance. Although these two types of fatigue might 
be largely interrelated (e.g., an increased sense of effort would 
usually contribute to impair performance), they might also 
act independently and still significantly affect the individual’s 
engagement with activities posing high motor and/or cognitive 
demands. This is because those two types of fatigue are likely 
to be caused by different, yet potentially interacting factors. For 
instance, perception of fatigue could be induced by homeostatic 
(e.g., metabolic stimuli, such as depletion of energy reserves 
in skeletal muscle and/or brain tissue) and/or psychological 
(e.g., decreased motivation) mechanisms, while fatigability 
could occur due to declines in skeletal muscle force production 
and/or deficits in task-related neural processing (Kluger et al., 
2013). Based on that, we propose that low-functioning chronic 
stroke survivors are highly susceptible to get into a complex 
fatigued state, which renders motor training ineffective. This 
state is more likely to be reached by individuals undergoing 
longer training sessions. Essentially, we elaborate here on the 
possibility that a combination of general deconditioning and 
compromised neural processing might greatly increase both 
perception of fatigue and fatigability in those individuals, which 
substantially reduces their engagement with motor training and 
thereby decreases the likelihood for neuroplasticity processes 
driving behavioral improvements.
General deconditioning in low-functioning chronic stroke: 
The musculoskeletal and cardiorespiratory systems are inter-
dependent. Effective skeletal muscle work requires that muscle 
fibers have not only relatively good levels of strength, but also 
adequate supply of oxygen and nutrients. The first is achieved 
through regular doses of mechanical load normally imposed 
to the musculoskeletal system during routine tasks, while the 
latter is implemented by the cardiorespiratory system via the 
blood stream. On the other hand, to maintain an effective car-
diorespiratory system that ensures adequate supply of oxygen 
and nutrients to working muscle fibers, regular physical activity 
is mandatory. This is only possible through the contraction 
of skeletal muscles. After hemiparetic stroke, individuals ex-
perience significant cardiorespiratory and musculoskeletal 
deterioration. Pre-stroke age-related changes and/or comorbid 
cardiovascular diseases often contribute to a deteriorated car-
diorespiratory function already at the sub-acute phase (Kil-
breath and Davis, 2005). In parallel, the stroke-induced loss of 
voluntary motor control results in an important deterioration 
of musculoskeletal function at the same time. More specifically, 
the lack of selective control over spinal motor units imposes 
major limitation on the individual’s ability to generate muscle 
force and coordinate contraction across muscle groups, which 
critically reduces their capacity to use the paretic body side (Carr 
and Shepherd, 2011a). Combined to customarily low inpatient 
and post-discharge physical activity levels, this initial impaired 
cardiorespiratory and musculoskeletal status greatly increases 
the likelihood for an inactive lifestyle after hemiparetic stroke 
(Carr and Shepherd, 2011b). Over time, the sustained immobil-
ity of paretic limbs starts maladaptive plastic changes in skeletal 
muscles that contribute to aggravate even more an already com-
promised musculoskeletal condition. Some of these changes 
include: atrophy and shortening of muscle fibers, proliferation 
of connective (non-contractile) tissue, increased stiffness and 
fat content, and reduced capillary density and oxidative capacity 
(Carr and Shepherd, 2011a). Collectively, these changes further 
subsidise the ongoing physical inactivity process and thereby 
the aggravation of cardiorespiratory function (Kilbreath and 
Davis, 2005; Carr and Shepherd, 2011a, b). Thus, chronic stroke 
individuals often become trapped in a self-perpetuating cycle 
of general deconditioning, where an early deteriorated car-
diorespiratory and musculoskeletal condition fosters physical 
inactivity and paretic limbs disuse, which in turn contributes to 
deteriorate cardiorespiratory and musculoskeletal function even 
further. This is likely to elevate both perception of fatigue and 
fatigability during motor activities by accelerating depletion of 
skeletal muscle energy reserves and causing rapid declines in 
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force production, respectively. While the first is likely a com-
pound of an impaired cardiorespiratory system – which may 
fail to effectively supply contracting muscles with oxygen and 
nutrients – and a deteriorated musculoskeletal function – in 
terms of reduced capillary density and oxidative capacity limit-
ing muscle energy production –, the latter mostly results from 
an impaired neuro-musculoskeletal system, owing primarily to 
both a reduced ability to activate spinal motor units and skel-
etal muscle plastic changes. Of note, it is plausible to assume 
that general deconditioning tends to be more pronounced in 
low-functioning chronic hemiparesis, as here the likelihood for 
paretic limbs immobility and an inactive lifestyle is even high-
er due to greater physical (and often cognitive) limitations.
Compromised neural processing in low-functioning chronic 
stroke: The adult brain can be thought of as having both prima-
ry, specialized, and secondary, less specialized circuits/networks. 
Primary circuits are critical for the generation of behavior and 
therefore are normally recruited. Secondary circuits, however, are 
not essential for behavior expression, but because they have some 
capacity to contribute to it, they may be recruited under special 
circumstances, such as when primary circuits can no longer 
afford behavioral/task demands, which can happen after stroke 
(Kleim and Schwerin, 2010; Ward, 2011). In that case, enlisting 
secondary networks often allows for the brain to compensate 
for damage and preserve behavior integrity to varying degrees 
(Kleim and Schwerin, 2010; Ward, 2011). The extension of the 
recruitment of secondary brain networks largely depends on the 
remaining availability of primary circuits – i.e., the less the spar-
ing of the latter due to more severe damage, the more extensive 
the recruitment of the first (Ward, 2011). Besides, the functional 
relevance of shifting activity to secondary circuits in that context 
relies essentially on how well these circuits can characterize the 
relevant behavior, which is primarily dictated by their pattern of 
neuronal connections (Ward, 2011). Because secondary brain 
networks usually share only part of the highly specific connec-
tions displayed by their primary counterparts, as reliance on these 
networks increases, the ability to maintain behavior integrity is 
progressively lowered (Kleim and Schwerin, 2010; Ward, 2011). 
After hemiparetic stroke, primary brain circuits normally con-
trolling skillful motor behaviors are disrupted to different degrees 
(Frey et al., 2011). The resulting compromised neural processing 
state manifests itself not only at the motor execution level (see 
previous paragraph), but also at the more cognitive level. For 
example, studies by our group have shown deficits in up-stream 
motor processes, such as motor preparation (Dean et al., 2012). 
Therefore, it is not only the movement execution-related mental 
effort that is increased during motor tasks in order to preserve 
behavior integrity, but critically, also the mental effort associated 
with the processing of other movement-related information. In 
chronic stroke, this translates into a pattern of widespread brain 
activation, which is characterized by enhanced activity in po-
tentially spared primary networks and recruitment of many sec-
ondary circuits (Ward, 2011). This has come mostly from studies 
utilizing functional magnetic resonance imaging to investigate 
changes in brain activity after stroke. Because of the theoretical/
methodological assumptions underlying interpretations of this 
type of data (Ward, 2009), it seems reasonable to conclude that 
the pattern of increased brain activation described above reflects 
a condition of elevated neuronal metabolism in chronic hemipa-
retic stroke, which favors rapid depletion of brain energy reserves. 
This, in turn, might elevate perception of fatigue during motor 
tasks. Besides, an imposed reliance on secondary, less specialised 
motor control networks is very likely to also increase fatigability 
in chronic stroke individuals owing to deficits in motor task-re-
lated neural processing. Importantly, compromised neural pro-
cessing is likely to be more aggravated in low-functioning chronic 
hemiparesis, as here (1) individuals often recruit more secondary 
circuits and therefore have stronger brain activation (Ward, 
2011), causing higher neurometabolic demands and hence more 
elevated perception of fatigue, and (2) the reliance on a less spe-
cialized brain system is stronger (Ward, 2011) – which reflects it-
self in a low-functioning status –, making task performance even 
more challenging and thus causing greater fatigability.
In our CI therapy study, because we did not measure fatigue, 
the interpretation outlined in this article can only be speculative. 
However, given the prevailing characteristics of our sample, the 
aspects of the intervention that was delivered, and the mecha-
nisms underpinning the processes of fatigue described before, 
we nonetheless feel that this is a relevant interpretation. The very 
low-functioning motor status and long chronicities prevailing in 
our cohort are rather suggestive of pronounced cardiorespiratory 
and musculoskeletal deterioration, and hence important gener-
al deconditioning. When combined to a physically demanding 
motor training regimen such as CI therapy, this may well have 
exacerbated perception of fatigue and fatigability in our sample. 
Moreover, although we did not obtain specific information about 
stroke lesion size and location from our cohort, investigations on 
the association between motor status and the integrity of move-
ment-related primary brain circuits (Sterr et al., 2010, 2014b) 
show that poor motor function at the chronic phase highly de-
pends on the overlap of the stroke with those circuits, which in 
turn is very likely to cause overreliance on secondary neural sub-
strates for movement control, and thereby rather compromised 
neural processing. Given the high cognitive/motor processing 
demands of our intervention, this may well have contributed to 
further aggravate perception of fatigue and fatigability in our 
cohort. Accordingly, a recent cross-sectional study with chronic 
stroke survivors revealed an inverse correlation between levels of 
fatigue and the excitability of movement-related primary brain 
networks (Kuppuswamy et al., 2015). Nevertheless, it is diffi-
cult to determine whether the poor motor status of our sample 
indeed reflected a severe neurological damage or, instead, the 
manifestation of maladaptive musculoskeletal changes that may 
have evolved over time as a result of inactivity/immobility. A 
more sensible appreciation of this point assumes that these two 
phenomena interact and jointly contribute to the fatigued status, 
as well as the residual recovery an individual achieves. Clearly, 
Figure 1 Hypothetical relationship between training intensity and 
outcomes in chronic hemiparetic stroke.
This figure illustrates the modulation of the optimum session length/training 
intensity by residual recovery levels. Two assumptions are made. Firstly, as 
session length increases, performance also increases, until it reaches its peak; 
increasing session length further, however, results in performance deterio-
ration, which presumably reflects the impact of fatigue. Secondly, in stroke 
survivors with low-functioning hemiparesis (red line), performance is not 
only lower in general, but critically, the optimum training intensity is reached 
earlier than in those with high-functioning hemiparesis (blue line). Opti-
mum session length/training intensity: Mostly determined by both the level 
of residual recovery and the fatigued status an individual achieves. Of note, 
the latter is critically influenced by the first. Investigations of dosage effects in 
motor rehabilitation should, therefore, not only carefully consider the level of 
residual function, but also take measures of fatigue into consideration.
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further research is needed to properly investigate the proposed 
mechanisms and their interaction.
Fatigue, motor training, and neuroplasticity in low-function-
ing chronic stroke: Motor training contributes to restore motor 
behaviors lost due to hemiparetic stroke by providing the brain 
with neural signals that drive functionally relevant neuroplastic 
changes within spared primary/secondary motor control net-
works (Nudo et al., 1996). However, to do that, trained motor 
tasks need to be not only actively and repetitively practiced, but 
also challenging enough to stimulate individuals to go beyond 
the current state of their motor capacity and thereby achieve the 
adaptive brain reorganization driving behavioral improvements 
(Nudo, 2003). The CI therapy intervention is grounded on this 
principle (Morris and Taub, 2006). In our study, the individuals 
receiving longer daily sessions indeed spent more time in active, 
repetitive motor practice than those receiving shorter sessions, 
but treatment outcomes did not coherently reflect this. One 
could henceforth conclude that 90 minutes of daily training 
is enough. But we do not take this position. Rather, we argue 
that those in the group receiving longer daily sessions are more 
likely to reach an exacerbated fatigued status – characterized 
by both elevated perception of fatigue and fatigability –, which 
adversely directs motor training towards the repetition of move-
ments that are more accommodated to their motor impairments, 
and hence reduces the neural activation required for the relevant 
neuroplastic changes mediating motor improvements (Nudo, 
2003). Furthermore, an increased fatigued status is also likely to 
negatively impact on motivation and compliance, which in our 
study could have not only contributed to aggravate an already 
existing condition of elevated perception of fatigue in the indi-
viduals exposed to the more intensive CI therapy protocol (see 
mechanisms of fatigue), but also directly affected their ability to 
engage with the training as well as their commitment to it. Thus, 
the fact that those individuals may have spent their extra training 
time practicing tasks while they were physically and/or mentally 
too fatigued to do so effectively, might explain the limited added 
value of the more intensive 30 hour training regimen.
Conclusion: We believe the results from our study, when inter-
preted under the perspective presented in this article, harbor 
important implications for post-stroke motor rehabilitation 
research. Two of the many challenges in this field have been to 
define the optimal intensity of motor training-based interven-
tions (Cooke et al., 2010) and to account for potential indi-
vidual differences in motor outcomes after such interventions. 
Taking critical modulators such as fatigue into consideration is 
very important here. This is because not only it might explain 
individual differences to some extent, but also it will contrib-
ute to prevent misconceptions around the intensity-outcome 
relationship of those interventions. Because fatigue is very 
likely to be more pronounced in low-functioning chronic 
stroke, studies with this group have an even stronger mandate 
to take it into consideration when both, seeking for optimal 
training intensity-related parameters as well as interpreting 
motor outcome measures.
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